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Abstract

This thesis addresses the problem of extending the Form Factor Bootstrap Program
(FFBP), the main tool for computing correlation functions in integrable quantum field
theories (IQFTs), to the case of irrelevant deformations, with particular focus on gener-
alised TT-deformations. Such models pose new challenges, including the emergence of a
minimal length scale and the loss of strict locality. Relying solely on the exact S-matrix,
we construct the minimal form factors of TT-deformed theories and analyze their proper-
ties in detail. This resolves longstanding ambiguities in previous constructions and leads
to a deeper understanding of both deformed and standard IQFTs.
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Preface

Nearly one hundred years ago—in 1927—the Proceedings of the Royal Society of London
published what is widely considered the birth of Quantum Field Theory (QFT), namely
P.A.M. Dirac’s pioneering work on the quantisation of the electromagnetic field [1]. And
we are still here, carefully filling the gaps and exploring the limits and potential—if any,
rather well hidden—of this vast research framework.

Nowadays, QFT has been recognised as one of the most successful approaches to help
us understand physical reality. By embodying both the principles of special relativity
and quantum mechanics, its applicability goes way beyond the description of “just” fun-
damental interactions and embraces all kinds of phenomena related to the large distance
behavior of many degrees of freedom. At the same time, the mathematical foundations of
these theories remain somewhat obscure and not fully rigorous in the way that, for exam-
ple, classical analysis or even much of quantum mechanics are. Many constructions—such
as interacting fields, path integrals, and renormalisation procedures—are defined formally
or perturbatively, and a fully rigorous non-perturbative construction exists only in a lim-
ited number of cases. Integrable Quantum Field Theories (IQFT) in 1+1-dimensions
constitute a small subset that offers both elegant, well-defined mathematical tools and
interesting and physically relevant applications.

Already from the “prehistory” of modern scientific thought, the observation of celestial
motion “challenged men to search for the impersonal invariants behind events” [2|. In
our contemporary times, this approach to science becomes even more fundamental when
we consider the disparity in scales of the phenomena we aim to understand: from the
inconceivable vastness of the universe to the extremely small realm of the fundamental
constituents of matter, these scales lie far beyond human experience, leaving ever less room
for physical intuition grounded in our everyday world. Invariants guide us where we would
otherwise lose our way: in the depths of outer space or in the realm of the infinitesimal.
Notice, however, that while getting lost in space still resonates with human experience,
even thinking of a corresponding analogy for the microscopic world gives some difficulties.
Integrable field theories are models with infinitely many invariants® , and this fact clearly
makes them very attractive to theoretical physicists and mathematicians. Their appeal
stems not only from the possibility of obtaining exact solutions, but also from the deep
insights they provide into non-perturbative phenomena, the rich mathematical structures
they reveal, and the way they serve as guiding examples for more complex, non-integrable
systems.

The seminal work of A.B. Zamolodchikov [3] proposed a viewpoint of IQFTs as massive
perturbations of critical points, universally described by conformal field theories (CFT).

"'While initially the term “invariants” is used in a more conceptual sense, in the context of integrable
models these invariants acquire a precise mathematical meaning as conserved quantities, such as higher-
spin charges, which are central to the exact solvability of the models as we will see later.
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These perturbations are relevant and associated with specific fields of the underlying CF'T
having conformal dimension A < 1. For over three decades, such integrable models have
been extensively studied, and a variety of well-established techniques have been developed
to analyse them, including the Thermodynamic Bethe Ansatz (TBA) [4, 5] and the Form
Factor Bootstrap Program (FFBP) [6, 7, 8, 9, 10]. These methods allow for the com-
putation of exact spectra, correlation functions, and other non-perturbative quantities,
providing a deep understanding of the dynamics of these theories. However, relatively
recently, scientists have also begun to consider irrelevant deformations—of both confor-
mal and massive quantum field theories. These theories present a number of challenges:
they are generally non-renormalizable, are believed to often exhibit non-local features,
and can display various pathological behaviors. Nevertheless, they preserve integrabil-
ity, which naturally raises the question: can we learn more about these theories using
standard integrable techniques? The answer is likely negative, or at least, it is unlikely
that the same level of success achieved with conventional IQFTs can be reproduced. A
direct reason for this is that these irrelevant deformations effectively introduce a mini-
mal length scale—controlled by the deformation coupling—posing challenges analogous
to those encountered in quantum gravity. Standard QFT techniques rely on the ability to
probe arbitrarily short distances, but the deformation imposes a finite resolution, compli-
cating renormalisation and the definition of local observables. Consequently, constructing
exact, non-perturbative quantities in such deformed theories becomes highly nontrivial,
and many familiar tools of conventional QFT require—if possible—substantial adapta-
tion. Nevertheless, integrability is preserved, providing a guiding principle to explore
these ideas.

Well, certainly I am not aiming to solve quantum gravity; the goal here is precise
and limited, but still technically challenging. As the title of this thesis suggests, we shall
attempt to employ the FFBP, a standard framework for computing correlation functions
in IQFTs. This is by no means an easy task, since, as discussed, irrelevant deformations
are expected to introduce non-local features, particularly at the level of observables [11].
Can the general framework withstand these challenges? Can we still extract a meaningful
characterisation of the observables of these models? In what follows, I present the results
obtained in five works [12, 13, 14, 15, 16]. As the title indicates, the program is still
being completed, and for this reason the present thesis—or book, as I prefer to think of
it—remains necessarily incomplete. Nevertheless, especially during the final year of my
PhD, after a long period of difficulties, we managed to obtain results that renewed our
optimism and suggest that much more can yet be achieved.

This thesis is structured as follows. In writing it, I have preferred to adopt a “book-
like” approach: my aim was to make it possible for a reader—ideally someone with a
background in theoretical physics but without prior expertise in the specific field—to fol-
low the discussion and, in principle, to understand the main ideas. For this reason, I
begin with Chapter 0, where the notion of quantum fields is introduced and the minimal
background needed for the research part of the thesis is established. Since our goal is to
adapt IQFT techniques to a different setting, I felt that a general introduction to CFTs
and IQFTs was essential.

In Chapter 11 provide a detailed review of scattering amplitudes in IQFTs, with par-
ticular attention to diagonal theories without bound states, which lie at the core of this
work. Scattering amplitudes in the presence of boundaries are also discussed.
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Chapter 2 introduces the TT deformation and briefly reviews some of its key proper-
ties—at least those that will be directly relevant to our analysis. This chapter is inten-
tionally concise, since the essential input for our purposes is the deformation of scattering
amplitudes derived from perturbed models.

In Chapter 31 introduce the FFBP, together with its main techniques and results, and
then present our first attempt to apply it to the study of form factors in TT-deformed
theories [12, 13, 14]. Although these preliminary solutions raised some technical chal-
lenges—such as the appearance of square-roots, divergences in specific cases, and a pro-
liferation of free parameters—they also provided important insights and highlighted the
key difficulties that any consistent approach must overcome.

Chapter / builds on these observations and presents progress towards resolving some of
the aforementioned issues. In particular, the issue of the free parameters that afflicted ear-
lier form factor solutions has been resolved through a refined construction of the minimal
form factors, eliminating these ambiguities and significantly strengthening the consistency
of the framework. However, as acknowledged before, not everything is settled, and some
subtleties persist.

Finally, in the Conclusions 1 summarise the main results and argue that there is
strong evidence for the non-local nature of observables in these models. At the same
time, this does not rule out the possibility of computing correlation functions, and the
thesis closes by outlining a number of open problems together with possible directions for
future investigation.
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Chapter 0

A Very Short Introduction to Quantum
Fields

Our starting point is a statistical model defined on some lattice, where the lattice spac-
g “a”’ defines a natural microscopic length-scale. The model’s discrete degrees of
freedom sit on the lattice sites and interact with each other. From a mechanical point of
view the interactions are represented by some coupling constants that can be controlled
by varying some external parameters. The interaction between the constituents defines
another length scale, the correlation length & When the system is close enough to a
critical point we have that £ » a and therefore a continuous formulation of the model in
terms of “field” ¢(x) becomes natural. As mentioned in the introduction, throughout this
work we shall always consider a 1 + 1-dimensional spacetime. In this setting we denote
a point as a two—vector x = (z° x'), where the component x° represents the Euclidean
time and x! the spatial direction. The second component x! remains the standard spatial
coordinate of the two—dimensional theory. This convention will be adopted consistently
in what follows.

In the functional formalism of Euclidean QFT [17, 18], if {s;} is a set of discrete
classical variables for a given model, near a critical point we have that the partition
function is

7 = Z e—HUsih) ~ JD%(X)e—A[{wi};{gn}] L E>a, (0.1)
where the model is described by an Action

Al{ei}: {gn}] = Jd% L (pi(z), 0ppi(T), 0,0,0i(T), - . . 5{gn}) - (0.2)

Here L is the lagrangian density, a function over a set of “fundamental fields ” ¢;

(scalar, spinorial, etc.) and their interaction strength, specified by a set of coupling
constants {g,}. Since we are working in the Euclidean spacetime R?, it will often be
convenient to use the shorthand notation d?z for integration, without distinguishing it
from dx unless explicitly required. In the same symbolic spirit, we shall also write x
instead of the full bi—vector x whenever no confusion can arise.

The Lagrangian density L is typically a polynomial in the fields and their deriva-
tives. To give a simple example, consider the Landau-Ginzburg theory described by the
Lagrangian density

L= %aw(x)ﬁ“w(:c) + gip(x) + %%02(37) + 950 (x) + -+ gnp"(2) +-o . (03)



where ¢ is a scalar field, m is the mass parameter and the coupling constants g; are
responsible for the possible interactions. Already at this level we encounter problems:
the measure Dy is not a well-defined object a priori. The idea is that these continuous
theories are effective and valid up to a certain scale, the microscopic length-scale a. Having
a continuous relativistic theory it is customary to require translational invariance. This
implies that plane waves become a natural basis to describe the field and then we can
decompose the fields in its Fourier components

ole) = | GrAIct (04

where the physical cut-off is related to the microscopic length-scale as

1
k|l <A~-—. 0.5
K< A~ (05)

This is at the basis of effective field theories as initially thought by Wilson and Kogut in
the seminal work [17] and this kind of set-up would be the one we are referring to when
later we will speak of “Wilsonian” QFTs.

0.1 What Is a Quantum Field?

After introducing effective field theories as large-scale limits of statistical systems, we
would like to return to the more foundational question: what is a quantum field, in
general? While effective field theories provide powerful low-energy descriptions, the notion
of a quantum field itself precedes this framework. It is therefore important to clarify what
we mean by a quantum field beyond its role in effective descriptions.

0.1.1 Canonical Quantisation

As previously mentioned, the idea was to unify quantum mechanics and special relativity.
Taking the simple example of a scalar field ¢ of mass m obeying the Klein-Gordon (KG)
equation considered as a classical field equation

(O+m*)e(x) =0, (0.6)

where [] is the 2-dimensional Laplace operator (or d’Alembertian), one imposes quan-
tisation rules on the field in the form of canonical commutation relations. An elegant
Lorentz-invariant scheme due to Peierls [19] consists in finding commutation relations
between fields at arbitrary space-times points

[6(2), ¢(2")] = iA(x — 2), (0.7)

where A is the difference between the retarded and the advanced Green’s function of

the KG equation (0.6). This is a singular integral kernel, solution of the KG equation
with initial conditions

0A

A(x)] 0o =0, =d0(z"). (0.8)

Then two important remarks follow

e The commutator of fields at different space-time points is a c-number, i.e. a multiple
of the identity operator, and therefore it commutes with all observables;



e The commutator vanishes for space-like separations
[¢(x), ¢(2")] = 0, (z —2')* < 0. (0.9)

While the first property is exclusive to free fields, the second one is general and has
a simple but deep physical meaning: measurements of a field in a given region of space-
time cannot disturb a measurement in another region if the two regions have no causal
connection. This is one of the fundamental properties of local QFT, sometimes called
microcausality and implies locality of the theory under consideration. We will return
to this notion later on as we set up our working framework, where locality is essential for
the consistent construction of scattering amplitudes but also observables such as correla-
tion functions. Throughout the thesis, we will also revisit this principle in more detail,
especially in relation to situations where it may fail: either due to non-local interactions
or in the presence of deformations that challenge standard locality.

Now, due to the field equations (0.6), the support of the Fourier transform in momen-
tum space is concentrated on the two hyperboloids

P’ = +4/(ph)? + m2, (0.10)

and as anticipated before, it is possible to decompose the field into Fourier modes:

1 dk

IR NG
The Hermitian creation and annihilation operators satisfy the Canonical Commutation

Relations (CCR)

o(x) (a(k)e ™" + af (p)e™™) . (0.11)

[a(p), a(q)] = [a'(p),a(q)] = 0, [a(p), a'(q)] = 2p°276(q — ). (0.12)

The CCR algebra just defined needs to be supplemented with the requirement of
existence of a vector in the representation space, the vacuum |0) such that, for any k,
a(k)[0) = 0. The Fock space Hp is then generated by the actions of their Hermitian
conjugates a'(k). This is the essence of the canonical quantisation of a free scalar field ¢
and it leads to a theory of a quantum system of an arbitrary number of identical, spinless
free particles obeying Bose statistics. After this brief review it should be clear that the
quantum field ¢ at a point defined above is not a proper observable. Physically speaking
it should be clear that, by simple quantum mechanical arguments, measurements at a
point require infinite energy. But mathematically speaking, ¢(z) is not an operator in
‘Hr but rather an operator-valued distribution. Therefore we conclude that fields are not
physical objects and that their role is to implement the principle of locality and the nature
of different basic fields needed in a theory is related to the charge structure, not to the
empirical spectrum of particles [20]. The physical information is in fact contained in
the expectation values of products of fields, whose most notable example is given by the
Wightman functions' [21]

w(xy, ..., x,) = 0|d(z1) - - d(2,)|0) . (0.13)

1Strictly speaking, in the Euclidean setting one refers to Schwinger functions, which are related to
Wightman functions in Minkowski space by analytic continuation (Wick rotation). The rigorous connec-
tion is provided by the Osterwalder—Schrader reconstruction theorem [20].




To “solve” a QFT, in principle, does not only mean to determine the possible states
and energies (or masses) of particles or bound states in the theory via the calculation
of its S-matrix (when available) and to understand how the theory behaves in different
regimes. One of the main goals (probably the main goal) is to find a good description
of its observables, i.e. the calculation of all the correlation functions. Returning to the
Euclidean formulation, considering a collection of observables O;(z;) we can rewrite a
correlation function as

010 (21) - - O ()]0 = % fzmp (O1(21) -+ O () e~ (0.14)

where the partition function, as defined in (0.1) gives the correct normalisation. If we
consider the simple example of the free bosonic field defined by (0.6)-(0.12) it is not
difficult to see that ¢(z) itself with the normal product of its powers {: ¢"(x) :}* define,
together with the Identity operator I = ¢° a vector space, and every observable can be
expanded as a series

Ox) = Y ar: ¢*(x): . (0.15)
k=0

In the framework of algebraic quantum field theory (AQFT), the field operator ¢(z)
and its normal-ordered powers : ¢"(z) : are understood as generating elements of a net
of C*-algebras. These normal-ordered operators do not directly correspond to physical
observables, but rather serve as a basis from which the entire space of observables is con-
structed within the algebraic framework [20]. The concept of a net of C*-algebras comes
into play when considering bounded regions of spacetime. Each region R corresponds to
a subalgebra A(R), and the observables in that region are formed by elements of the alge-
bra associated with R. The field ¢(z) then generates observables for any region by acting
on the subalgebra of that region. Then, local observables are associated, like in (0.9), to
bounded space-time regions so that operators associated with space-like separated regions
commute. The full set of observables in the theory is the union of the algebras 5 A(R)
for all regions R, and the algebraic structure ensures that the theory respects locality
and causality by construction. Importantly, the algebraic relations (such as commutation
and anticommutation) among the field operators and their products dictate the physical
interactions and the dynamics of the theory. In general it is a very hard task to construct
local observable for models beyond the free particle cases but in the two-dimensional case
some progress has been made in the last few decades.

0.2 The Renormalisation Group and Universality

The Renormalisation Group (RG) method is a beautiful construction that I describe
below. Returning to the Wilsonian framework, changing the scale (energy) at which the
system is observed, a flow in the parameter space {g} = (g1,...,Gn,...) of the theory is
generated. Mathematically, the nature of the RG transformations is completely equivalent
to a dynamical system: starting from a given point in the parameter space {g}, also
called the theory space or the action space, one can indeed expect abitrary behaviour
for the trajectories, with oscillations, discontinuities, chaotic behaviors or strange curves.

2These are local scalar densities where the normal ordering is defined by the subtraction of the diver-
gent terms from the product of operators. Starting from : ¢?(z) := lim,_,, ¢(x)d(y) — 0| (z)p(y)|0), we
can systematically define them by using the Wick theorem.
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However in many interesting cases, especially the ones of physical relevance, a smooth
convergence towards the so-called fized points is observed. Critical points ¢*, points that
are invariant under this flow, describe universal behaviors and physically correspond to
phase transitions in the model under study. At the critical point the correlation length
¢ — oo and the continuous description in terms of fields becomes more natural. The fixed
points for which instead £ = 0 are called trivial fized points. As in dynamical systems
the fixed points can be further classified by their stability nature: we can have attractive,
repulsive or mized points. By linearizing the action of the RG transformations it is then
possible to determine their nature. If in the neighbourhood of a critical point ¢g* the
iteration of the RG transformations converges again to g* we speak of an attractive fixed
point, while if the action of the RG flow moves the point away from it we have a repulsive
fixed point; a mixed fixed point contains both trajectories.

0.2.1 Conformal Field Theory

The classification of operators (through the RG flow) helps us understand the scaling
behavior of various physical quantities near criticality. Specifically, the RG-flow tells us
how the different types of couplings (interaction terms) appearing for instance in (0.3)
behave at different scales. Starting from a critical point, described by a Conformal Field
Theory (CFT) [22, 23], we can classify the typology of fields, depending on how they
behave under conformal transformations®. Again, locality plays a fundamental role in the
construction. Assume the existence of a numerable set of fields O;(x) that constitute a
basis for the model, like for the free boson in (0.15). Then, given two fluctuating fields
O1(z1) and Oy(x2) placed at two distinct points, clearly their separation is smaller than
the diverging correlation length, and considering the limit x; — x5 it seems natural to
expect the composite field to become local. Heuristically one is then driven to take

O (1'1 02 1'2 2012 Ok(Ig) (()16)

This is the powerful Operator Product Expansion (OPE). Conformal invariance, to-

gether with translation symmetry fixes the structure constants appearing in (0.16) to
be

k

k _ C12

where ¢}, are pure numbers and the d; are the so-called scaling dimensions of the fields.

The power-law behavior of correlation functions is a typical feature of critical models.
Indeed, considering the two-point function of a scalar operator for a unitary CFT we have

1
(0;(r)0;(0)) ~ 2d; (0.18)
where r = |z — y| is the relative distance between the fields and d is the scaling

function associated to the field @. Under the action of the RG-flow, operators are classified
depending on their scaling dimensions. In 2D the classification proceeds as follows:

3Remember that we restrict our attention to 14-1-dimensional theories. In particular, when discussing
conformal field theories (CFTs), all statements refer exclusively to the two-dimensional case, where con-
formal transformations are precisely given by holomorphic or antiholomorphic (analytic) functions. This
special property, along with many other properties that follow from it, does not hold in higher dimensions.



o If d; < 2 a field is called relevant. Physically this means that under the action
of the RG-flow, the interaction strength becomes stronger “zooming out”, that is at
large distances (low energies) while at short distances the coupling tends to zero.
Returning to the classification of fixed points mentioned just above it is then clear
that the action of a relevant operator move the theory away from the critical point:
the fixed point action is unstable under the insertion of these operators in the action.

o If d; = 2 a field is called marginal and the coupling remains unchanged.

e If d; > 2 a field is called irrelevant. These are the exact opposite of the relevant
ones. Their interaction strength goes to zero at large distances (low energies) while
they become important at short distances (high energies).

More specifically, a scaling operator ®(x) is labeled by a pair (Ag, Ag), called the left
and right conformal dimensions (or conformal weights), corresponding to the scaling
dimension Ag and the spin s¢ as

de ZAq;.-f—Aq), S =A¢—A¢.. (019)

While the scaling dimension controls how a local operator transforms under global
dilatations: = — Az, O;(z) — A~%O;(\z), conformal dimensions refine the notion of
scaling dimension by encoding local symmetry data. If the CFT is unitary (we will always
consider that this is the case) all the conformal dimensions are non-negative Ag, Ag =0
and only the identity field T has both left and right dimensions equal to zero (except
for some specific cases like in the Gaussian model). The local conformal symmetry of
a two-dimensional conformal field theory is generated by an infinite-dimensional algebra
of conserved charges, known as the Virasoro algebra. This algebra is generated by the
modes of the holomorphic and anti-holomorphic components of the energy-momentum
tensor. Local fields of the CFT do not satisfy the Virasoro algebra themselves, but are
organised into lowest weight representations of it*:

(L, Ln] = (n —m)Lpim + 1—62n(n2 — 1)0n4m.0 - (0.20)

The constant ¢, known as the central charge, quantifies the quantum anomaly® in the
algebra of conserved charges associated with conformal transformations. Physically, ¢
measures the effective number of local degrees of freedom and plays a key role in charac-
terizing conformal field theories. In conformally invariant theories the energy-momentum
tensor 7}, is symmetric and traceless (T} := © = 0). In terms of z,z = 2% +ix' coordi-
nates it decomposes into holomorphic and anti-holomorphic components as

4In many conformal field theories, such as Wess-Zumino-Witten and coset models, the fundamental
local symmetry is described by an affine Kac-Moody algebra of conserved currents [23]. The Virasoro
algebra then arises as a composite structure, constructed from the currents via the Sugawara or coset
construction.

5The Virasoro algebra is nothing but the quantum extension of the classical Witt algebra describing
global conformal transformations (isomorphic to sl(2,C)/Zz) [23]. A quantum anomaly occurs when a
symmetry present at the classical level fails to be preserved upon quantisation. The classical algebra
acquires a central extension, captured in our case by the central charge c.
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T = Z(TOO + 21Ty — Ti1) :=T(2), (0.21)
1

ng = Z_l(TOO + TH) = @(Z, 2)/4,

and it satisfies the continuity equations

oT(z) =0 =0T(z), (0.22)

where 0 = 0y — i0; and ¢ = 0y + i0;. The generators of the Virasoro algebra are
obtained from the Laurent expansion of these components. For instance

T(z) = 7%;z"QLH = L,= ;g—:l(w — )" (w). (0.23)

The OPE (0.16) of the stress-energy tensor defines the central charge:
2 2T oT
o/ (@) |, oTw)

—w?! (z-w)? z-—w

T(2)T(w) ~ (0.24)

where the presence of the (2 — w)™ term reflects the conformal (trace) anomaly.
Because conformal symmetry in two dimensions factorises into independent holomorphic
and antiholomorphic sectors, the theory becomes chiral: the energy-momentum tensor
splits into two conserved components, 7(z) and T(z), each generating an independent
Virasoro algebra. The space of fields of a CFT then decomposes into a sum of irreducible
weight representation spaces of VIR x VIR:

Scrr = P[Pa], (0.25)

«

where [®,] is known as conformal class or family of a certain primary operator satis-
fying the equations

L,®,=L,®,=0, forn >0, (0.26)
Lo®y = Au®,, Lo®y = A, . (0.27)

Each operator family consists of such a field and infinitely many descendant operators
obtained through repeated action on the primary by the Virasoro generators. Therefore,
a basis in the space of descendants of @, is given by the operators

L ...LyLj ...L;%,, (0.28)

with 0 <3 <o < - - <irand 0 < j; < jo < --- < jj. The levels

I J
(lal_) = (Z In, Z ]n) ) (0.29)

determine the conformal dimensions of the descendants (0.28):

—ir —JJ

(AA) = (Ag + 1L, A0 +1). (0.30)
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In general, the number of independent operators at a given level (I,1) is p(1)p(), where
p(l) is the number of positive integer partitions of I. Notice that the energy-momentum
tensor T'(z) is not a primary field, but rather a level-2 descendant of the identity operator,
corresponding to the state L _5l. This reflects the fact that conformal symmetry is not
imposed externally but emerges from conserved currents intrinsic to the theory, i.e. it is
dynamically realised by the theory’s own degrees of freedom. Indeed from (0.23),

T(z) = (L_o0)(z) = \(Jgg—;;(w —2)7'T(w), (0.31)
and more generally
1 n—2
(L_,)(2) = m& T(z). (0.32)

As expected, all the descendant fields of the identity are composite operators built
from the holomorphic® component of the stress-energy tensor and its derivatives. We can
therefore build the infinite-dimensional space of (left) descendant fields A which admits a
decomposition

0

A=@A,, (0.33)

s=0

in terms of eigen-spaces of the s = 0 Virasoro generator:

LOAS = SAS s .Z/QAS =0. (034)

By definition, the space A is an irreducible Virasoro module, a so-called Verma module,
with the highest weight equal to zero. All the fields in a given sub-space have conformal
weights (s,0) and spin s. They all satisfy a continuity equation like (0.22), 0A = 0,
therefore they are chiral but they are not all linearly independent. In fact, from (0.32),
we can see that all the fields for n > 2 are total ¢ derivatives. It is better to consider
the quotient space A = A/L_1A where we took out the sub-space of total derivatives
L_1A € A. The new space A enjoys the same decomposition of (0.33) in terms of sub-
spaces A, which also satisfy (0.34). In the same way as in (0.23), every field T, € A7
gives rise to an infinite set of generators

Ty(2) = Y 27" Lep =  Lon= § dw(w — 2)"* 1T (w) (0.35)

neZ
z

with n = 0,+1,+2,... in such a way that, given a local field x(z, z) in a particular
CFT, the operators

(LsnX)(2,2) = jgdw (w— )", (w)x(z, 2), (0.36)

z

6We will focus only on the left chiral (holomorphic) components of the chiral algebra. It is clear from
the discussion above that the same construction can be adapted for the right chiral (anti-holomorphic)
sector.

"Here we are simplifying a bit the notation by labelling each field just by its spin. In general we should
also specify the dimension of the subspaces A, which can be deduced from the corresponding character
formula.



constitute an infinite set of linearly independent integrals of motion (IM) of that given
CFT.

0.3 IQFTs as Perturbed CFTs

In the fundamental work [3] (one of many as we will see), A. B. Zamolodchikov showed how
starting from a given CF'T and perturbing it with a relevant field it is possible to flow to
an IQFT. Integrability in short means infinitely many constraints, giving rise to infinitely
many IM which survive the relevant perturbation. Integrable field theories possess, at
least in principle, a high degree of solvability and are at the centre of our discussion in
the next chapters. We will begin here by providing some introductory background to this
framework.

0.3.1 Away From Criticality

We quickly saw that CFTs are associated to fixed points of the Renormalisation Group
action and that a great deal of information can be deduced from the very elegant and
beautiful structure of the theories at the conformal point. What about the vicinity of
these fixed points? A given theory is defined by a set of local observables O;: operators
in the theory are associated with couplings ¢; and their behavior under RG-flow depends
on their scaling dimensions d;. In particular, relevant operators tend to push the flow
away, outlining unstable directions, while for irrelevant ones the couplings tend to shrink,
bringing the flow back towards the fixed point, signaling therefore attractive stable tra-
jectories®. Consider the subspace of Scpr consisting of the relevant fields only @, ®,, i.e.
those fields such that their scaling dimension is d,, < 2. We can interpret this space as a
tangent space corresponding to an unstable manifold taken at the fixed point and a shift
along it is described by relevant perturbations

A= Acrr + ) A Jd% ®,(z). (0.37)

However, all known examples consist of perturbations by a single relevant fields. In
fact, the integrable structure is very delicate and more than one relevant perturbation
tends to destroy it” [24]. Therefore we will restrict our discussion to the case of a unitary
CFT perturbed by a single relevant operator:

A= Acrr + )\szx d(x). (0.38)

As we already said, in a unitary CFT all conformal weights are non-negative. For
a spinless primary field we also have Ay = Ag := A, hence do = 2A and a field is
relevant if A < 1. Looking the action (0.38), by dimensional analysis we can argue that

8In the following we will not consider the case of marginal flows for which further analysis is needed:
at linear order, the RG flow does not “know” wether the coupling will grow, shrink or stay constant.

9Here we are not taking into account some other “borderline cases’ like for instance integrable RG
flows between two CFTs (e.g. from the tricritical Ising model to the critical Ising model) or exactly
marginal + relevant combinations. In all these borderline cases, the apparent “multi-deformation” nature
disappears upon closer inspection — either the couplings are related by symmetry, one perturbation is
exactly marginal (not a second relevant direction), or the structure forces them into a single integrable
potential.



the relevant coupling A should scale as A ~ (m?)'~2, i.e. the coupling constant must
have dimensions (1 — A,1 — A). The relevant nature of the operators makes it so that
the model described by (0.38) approaches the original CFT in the UV while we expect a
drastic change at the large-distance scales. This fact means that we should also expect the
absence of ultraviolet divergences in the perturbative expansion of (0.38), i.e. the theory
should be super-renormalizable. The first effect that we encounter perturbing a CFT is
the breaking of the conformal invariance by the generation of a mass gap: from the same
dimensional analysis just performed, it is clear that the expected mass scales should go
as m ~ A& A finite mass gap means a finite correlation length £ ~ 1/m, (m being
the mass of the lightest particle that couples to the field ®) that will be reflected in the
asymptotic behavior of 2-point functions at large distances:

r2di r—0,

(0;(r)0;(0))c = {e—r " (0.39)

r— o0,

with O; being a local operator of the theory. The fact that the theory is integrable
means that an infinite amount of IM are still present in the theory. In particular, the
operator content and therefore the IM of these models are in a one-to-one correspondence
with the one that the CFT one is starting with. Although more advanced results have
been obtained during the years [25, 26, 27, 28| (mainly in the context of the Form Factor
Bootstrap Program that we will discuss later on) we propose here the qualitative argu-
ment given in the original work [3], that is, in any case, the main foundation upon which
all subsequent studies were built.

We want now to argue that the operator space of a given CF'T X¢pr is in one-to-one
correspondence to the operator space of an off-critical gapped IQFT that we will address
as Xiqrr. Therefore, let us consider the analogue of the quotient space A in the massive
case (0.38). For the perturbed theory we will still have fields Ts € Ay but they will not
satisfy anymore the continuity eq. A = 0. We will rather have

0T, = AR, + -+ A"R™, + .. (0.40)

where the Riﬂ are some local fields in Xcpr with conformal dimensions (s — n(1 —
A),1—n(1—A)) and then spin s — 1. Remember also that we are considering a unitary
CFT and therefore all these fields must have non-negative weights

s—n(l—A)=0, 1-n(1-A)=>0, (0.41)

consequently, we can always find a value of n high enough in such a way that the right
conformal dimension of the field Rgi)l become negative, i.e. the field vanishes and the
series (0.40) is finite. The n at which this occurs is the smallest integer that satisfies

1
1—A

In the simplest possible case only the first term in (0.40) will appear and therefore the
continuity eq. will be reduced to

n > (0.42)

oT, = ARV, . (0.43)

We will focus on this case only. From (0.42) it is clear that this will always be the
case if the relevant perturbing field is chosen in such a way that

10



1
0<A<§, (0.44)

namely, its scaling dimension is chosen to be 0 < dg¢ < 1. What is left now is to
identify explicitly the field. The obvious method is to check by expanding perturbatively
(0.38) around the CFT by means of the conformal perturbation theory (CPT). For any
arbitrary correlation function of fields T we have

(Ty > = (T Sepr + A J dw f d(T(2)B(w, T) .. Sopr (0.45)

where ®(w, w) is the relevant perturbing field of (0.38) and (- - -)cpr are the correlation
functions in the original CFT. From the definition of the T (0.35), we can deduce the
OPE

T,®(w,w) = > (2 = w)" (Lo —n®)(w, @) (0.46)

neZ

Then, substituting (0.46) in (0.45) and using the formal identity '’

olw—2)"m 1 = —27m'%6m5(2)(2 —w), (0.47)

we find that eq. (0.45) reduce to

OT(2. %) = A 3€ %Ts(z)é(w,z) — R (27) - § %Ts(z)é(w,z), (0.48)

i.e. the field arising in (0.40) is identified in terms of the IM of the unperturbed CFT.
From the general form of the conservation laws in the CF'T, if we want the fields T to still
be conserved after the perturbation, we clearly need the fields R,_; to be total derivatives,
ie. Ry 1 =00, 5, with ©, 5 being a local field of spin s — 2. Therefore, we end up with
the general form of the continuity equation for any integral of motion of a given IQFT
obtained as deformations of a CFT:

0T, = 00,_; . (0.49)

In principle, motivated by these results, we can think of checking the quantum inte-
grability of a 1 4+ 1-dimensional QFT built from eq. (0.38) in the following fashion: one
takes a chiral field of the original CFT, T,,; ( with spin s), and computes the OPE in
(0.46) in the usual way. If the residue on the r.h.s. of (0.48) turns out to be a total
derivative, then T,,; is an integral of motion of the perturbed CFT. The drawback is
that this is not very efficient unless we already have some idea of the spins s at which
conserved quantities should appear. In this direction, there exists a “counting argument”
due also to A.B. Zamolodchikov [3, 29|, which is derived as follows: we know from eq.
(0.43) that T,,1 € A, 1, whereas the field R, € A,. We can therefore interpret (0.43) and
(0.49), as resulting from the action of linear operators f; such that

Fost i Agyr — Ay (0.50)

As usual, we can associate to this map a kernel, Ker fs;1, which will contain the
fields in A, satisfying 07,,.; = 0 modulo total derivatives, that is, those fields which

10A sketch of the derivation of this identity can for instance be found in [29].
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remain conserved in the perturbed CFT. Consequently, the existence of spin-s conserved
quantities in the perturbed CFT will be guaranteed provided

dim Ker f;1 # 0, (0.51)

which means that equation (0.51) is a necessary and sufficient condition for the exis-
tence of spin-s conserved quantities in the massive QFT. Associated to the map f,,1 we
will also find an image, Imf,,,, defined as the subspace of A, containing those fields R
which arise on the r.h.s. of equation (0.43). Obviously,

dim A, 1 = dimKer f,;q + dim Imfy 1. (0.52)

Since the image contains always fields in the subspace A, ie., dimImf,,; < dim A,,
whenever the condition

dim A,y > dim A, (0.53)

is satisfied, we can surely claim that some spins-s conserved charge of the underlying
CFT exists, since the constraint (0.53) ensures that (0.51) is fulfilled. However, the oppo-
site statement is not true in general, since equation (0.51) could hold even if (0.53) does
not. Therefore, the counting argument [3] provides a necessary condition for proving the
quantum integrability of a perturbed CFT without any prior knowledge of the dimen-
sionalities of the subspaces A,. Such dimensionalities are available once the characters
of the irreducible representations of the Virasoro algebra associated to the unperturbed
CFT are known. As a simple example we can consider the case of the analytic component
of the stress-energy tensor T'(z), i.e. the spin s = 1 descendant Ty € A; in our notation.
Considering the perturbed theory (0.38), following (0.45) we have

(T(z)-o»={T(2) - Hcrr + Afdwfdzﬂ<T(z)<I>(w, W) ... )CFT - (0.54)

The OPE |23, 18] we need is

T(2)®(w,w) = ﬁ@(w,@) + - _1 w(?q)(w,w) + ... (0.55)
= ﬁ@(z,z) + i:i@@(z,,?) + ...,

where in the second line we Taylor expanded the relevant perturbing field around

z. Now, substituting the OPE inside (0.48), solving the simple contour integration we
immediately obtain

0T (z) = M(A —1)09(z,2) . (0.56)

Now, remembering that the stress-energy tensor, as defined in (0.21), away from the
critical point satisfies the continuity equation

oT + ia@ =0, (0.57)

by comparison with (0.56) we get that the trace of the stress-energy tensor is given
byll

"UEven though the calculation given here is based on CPT and therefore is exact only at first order,
the equality shown in (0.58) is actually true in general as it is shown for example in the original work [3].
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O = 4A(1— A)D(z,2). (0.58)

Notice that our notation for the spin s integrals of motion (IM) in the perturbed models
(0.49) is inspired precisely by the conservation law of the stress-energy tensor (0.57), even
though for the generic conservation laws we preferred to invert the signs of the currents
appearing on the right-hand side of (0.49). This difference in notation arises directly from
the different ways the stress-energy tensor is expressed in various contexts. In particular,
in Chapter 2 we will adopt a slightly different notation for which the notation in (0.49)
will also be natural for the stress-energy tensor.

0.3.2 Zamolodchikov’s c-theorem and A-sum Rules

Zamolodchikov’s c-theorem [30] extends the notion of the central charge of a CFT to a
more general function ¢(g), called c-function, defined along the whole renormalisation
group flow. In a conformal theory the central charge measures the number of degrees
of freedom and is fixed at the critical point. When the theory is perturbed away from
criticality, one can still define a quantity c¢(g) which reduces to the central charge at the
fixed points but is otherwise a function of the couplings g = (g1,...,9n)-

The theorem states that in any unitary and Lorentz-invariant 1+ 1-dimensional theory
this function decreases monotonically along the flow. If ¢ denotes the logarithm of the
energy scale, t = log i, this monotonicity can be expressed as

de(g)
dt

The ultraviolet fixed point therefore has a larger value of ¢ than the infrared one,

<0. (0.59)

Cyv > CIR- (OGO)

This means that the number of effective degrees of freedom is reduced as one moves from
high to low energies. Moreover, this function is stationary at critical points g = g* at
which the QFT becomes a CFT. Consider the so-called -functions B;(g) |17], i.e. the
vector fields associated to the coupling space

dg
Bl(g) - dt 9
i.e. the “velocities” of change of the renormalised couplings along the flow. The
stationarity condition of the c-functions can be equivalently expressed in terms of -
functions as:

(0.61)

Blg") =0 e l%g)] . 0.62)

9i lg=gx
We can give a quick sketch of the proof of these statements as follows. Consider, in
the generic IQFT the following functions built out of the components of the stress-energy

tensor defined previously in (0.23):

F(z,2) = 2T (2, 2)T(0,0)), (0.63)
G(z,2) := 2T (2, 2)0(0,0)), (0.64)
H(z, z) := 2*2%(0(z,2)0(0,0)). (0.65)
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The various components are related to each other by the continuity equation (0.57)
(and its anti-holomorphic version), which imply the following differential equations

dF 1 dG
- ~3G) =0
dlog7+4(dlog7 ) ’

dG 1 dH
_ —2H ) =
dlogT G (dlogT ) 0,

(0.66)

where explicitly 7 = (m?zz) = (mr)?, with m being a fixed mass scale and r the radial
distance. This adimensional combination defines a sort of distance from the critical point.
Then defining the combination

3

c(r)=2F -G — gH, (0.67)
we have
dc 3
= ——H. 0.68
dlog T 4 ( )

Because of the unitarity assumption, the function H is a positive quantity and there-
fore this new function (0.67), is a non-decreasing function of the distance 7 at fixed values
of the coupling constants. At the critical point the stress-energy tensor is traceless, i.e.
© = 0, and therefore G = H = 0 while F' = ¢/2 (¢ being the central charge). Indeed this
function assumes the value of the central charge at the conformal point. '?

In a generic QFT, the Callan-Symanzik equation [31, 32, 17] describes how correlation
functions depend on the (standard) energy scale p. For an n-point correlation function
one has

( -+ Bilo) -+ Z %> (O(a1) -+ Onla)) =0, (0.69)

where the 7, are the anomalous dimensions of the operators’®. The idea is to apply the
Callan-Symanzik equation to the two-point function of the stress-energy tensor compo-
nents (0.63-0.65). The variation with respect to the scale p can be expressed using the
B-functions and anomalous dimensions, linking the running of the couplings g; to the
behavior of these correlators. Zamolodchikov use this insight to define the c-function as
a particular combination of these two-point functions which depends on g through the
correlation functions. In particular, the Callan-Symanzik equation for the function ¢(7, g)
reads

(72~ Aoy ) ) = 0. (0.70)

12Note also that the distance 7 can also be related to the RG-time as defined in (0.61). In fact, in our
problem we have the natural physical scale \/T=mr and therefore we can treat this square root as the
inverse (up to constants) of y.

13The anomalous dimension v(g) represents the correction to the conformal dimensions along the
renormalisation group flow, so that A(g) = Acpr + v(g). Thus, the total scaling dimension receives
corrections from v(g).
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that is, the scale derivative of ¢(7, g) can be written in terms of S-functions as

r L e(r.9) = (o) elr.g). 0.11)

and Zamolodchikov showed that

0 3

3 giC(g) = —15(9)G"(9)B;(9) (0.72)

Bi(g)

where G;;(g) is a positive-definite metric on coupling space constructed from correlators
and we suppressed the dependence on the scale. Notice that, in contrast with (0.69),
no explicit v term appears in (0.72), because the effect of the anomalous dimensions of
the perturbing operators is already encoded in the S-functions. The derivation uses only
the flow of the couplings and the two-point correlators, so v does not need to be written
separately. Eq. (0.72) shows explicitly how the Callan-Symanzik equation connects the
RG flow (via thef-functions) with the monotonic decrease of the c-function defined from
the energy-momentum tensor correlators. Egs. (0.68) and (0.72) constitute an explicit
proof of the c-theorem (0.59). Integrating eq. (0.68) we can obtain the difference between
the ultraviolet and the infrared Virasoro central charges

3 [+ 3 [t
Ac =cyy —cip = —f dr H(T) = —f dr r*(0(r)0(0)). (0.73)
4 ) ., 2 Jo

Recall that our theory in the infrared is described by an IQFT, i.e. a model with zero
central charge and therefore (0.73) gives the UV central charge of the underlying CFT
(that we initially perturbed with a relevant operator) in terms of the correlation function
of the trace of the stress-energy tensor only.

In a very similar fashion to the derivation of the c-theorem, one can derive an analogous
result for the conformal dimension of a primary field O of the underlying CFT [24]:

AD, — AD, = dr r(0(r)0(0)). (0.74)

il

This is the so-called A-sum rule. In [24], starting from the correlators of a scaling
operator O with the stress—tensor components 7" and ©, the continuity equation of the
stress-energy tensor leads to a differential relation between these correlators, exactly as in
(0.66). Using the fact that © is proportional to the perturbing operator (see eq. (0.58)),
its short—distance OPE with O fixes the UV behavior. In the simplest case (no mixing),
the integration of the differential equations yields (0.74): the difference between the UV
and IR conformal dimensions of O equals an integral of the correlator (©(z)O(0)). Again,
in a massive theory this directly gives the UV conformal dimension, since A = 0.
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Chapter 1

Integrable Quantum Field Theories in 1+1
Dimensions

One of the most influential physical concepts of the past century is that of quantum fields.
Fields mediate the connections between directly observable events (as a bridge between
experiment and prediction), even though fields are not measurable objects by themselves.
But as we saw in Chapter 0, the definition of what a quantum field is and its range of
validity are no easy matter; furthermore their mathematical formulation is not always
well-defined. Therefore, we want to be as concrete as possible. In Section 1.1, without
going too deep into the details, we will review some basic concepts usually found in any
QFT textbook that are pivotal for the introduction of the main character of the chapter:
the S-matrix. In Section 1.2 integrability and its consequences we will be introduced while
in Section 1.3 we will study the S-matrix’s analytic structure. At this point we will be
ready to classify some solutions in Section 1.4, in particular we will focus on diagonal
S-matrices. We will finish the chapter with Section 1.5 with an extension of the models
to the presence of boundaries.

1.1 Building a Quantum Field Theory

In this section we will develop the basic concepts necessary to build a consistent quantum
field theory in terms of scattering amplitudes. Starting from the physical intuition given
by a collision experiment we will introduce the main character, the S-matrix, and we
will go through the main axioms and assumptions necessary to obtain a suitable theory.
The basic concepts here presented can be found in any QFT textbook but we preferred to
report them again because they are not only fundamental for the construction of scattering
amplitudes but to the whole framework of dispersion techniques in quantum field theory
as we will see in Chapter 3, where they will be used again to derive the Form Factors
equations from first principles.

1.1.1 Asymptotic States and the S-matrix

Let us consider a convenient way of characterizing the states prepared by a physicist
setting up an experiment in her laboratory and those in terms of which the results of
the experiment are analyzed. The typical experiment is a scattering measurement: we
have a target, a certain number of some kind of particles at rest, and we shoot a beam
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of particles with a given momentum, for a certain time frame. These are the initial con-
dition that completely fix the system, in the sense that, given this information, the same
experiment can be repeated, in principle, infinitely many times. In a sense this means
also that an experiment is defined by prescribing the motion of the colliding particles a
long time before the collision actually takes place. Being concerned only with the speci-
fication of the system we are not inquiring at all about what happens during or after the
collision. We expect them to eventually collide, probably in a very complicated way, but
this does not invalidate the specification of the system in terms of particles moving freely
or equivalently independently of each other a long time before the collision. This way of
reasoning leads us to introduce the following fundamental axiom:

Axiom Ia:
The states which, ast — —o0, i.e. a long time in the past, had given numbers of given
particles of given momenta form a complete set. We denote such states as

’p17p27 s 7pn>ilnla2man . (11)

A long time before the collision, this state contained one particle each of momentum
D1, D2, - - -y Pn. With quantum numbers aq, ao, ..., a,; all moving freely. With the same
reasoning, we can think that looking at the system after a long enough time after the
scattering has taken place, it will eventually consist of particles moving freely in given
numbers with given momenta. This is the typical description that an experimentalist is
looking forward to, counting and analyzing the “clicks” coming out of its detectors. We
can likewise believe that the complete specification of this final configuration of the system
defines the system itself as well as the initial configuration. Therefore we can formulate
another fundamental axiom:

Axiom Ib:
The states which, ast — +00, i.e. a long time in the future, had given numbers of given
particles of given momenta form a complete set. We denote such states as

D0, D s Dt - (1.2)

Therefore, we have a notion of asymptotic state'. The number of particles with a
given momentum must naturally be an integer. The set of in-states can be thought of as
eigenvectors, in Hilbert space, of number operators Ng’: each having non-negative integer
eigenvalues. States differing by one particle are connected with each other by the operators
ain(p;), al (p;) satisfying the usual CCR-algebra (0.12). The same is true for the set of
operators that defines the out-states. The fact that the operator algebras of the in and out
operators are identical, means that they should be connected by a unitary transformation,
which we denote by S. Choosing to order the momenta p; > ps > -+ > p,,, we define the
S-matrix as a unitary and linear operator that maps final asymptotic states into initial
asymptotic states (and viceversa):

L. = S eut (1.3)

or in components

INote that by definition these states are time-independent, i.e. we are working in the Heisenberg
picture.
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in o b1ba...b N /
’p17p27 s 7pn>a1a2...an - Z Sauzg...a? (p17p27 <oy PniP1s Doy - - - 7pm)
m:2p1>

| >py>->pl,
X |p,1>p/27 s ’p;’n>§))?£2...bm ) (14)

where on the right side we are actually integrating in the outgoing momenta p/, ..., p. .
This operator contains all the information available from scattering experiments. In gen-
eral scattering processes are taken to include all collisions, both elastic and inelastic, but
integrable field theories are characterised by the fact that the latter are absent, due to
heavy constraints that make the theory in principle solvable. This construction is by no
means rigorous because we have ignored a fundamental fact: if particles can be regarded
as heading towards a collision, then they must be localised in space, therefore the un-
certainty principle does not allow their momenta to be exactly prescribed. Another way
to think about this setup is by assuming that the interactions between the particles oc-
cur only at short range. This implies that, having a collision in a very small region of
space-time, then, very far away from the interaction, we expect to see free particles. Last
but not least, as already pointed out in the introduction, a further axiom needs to be
introduced, which logically we label as

Axiom O:
There should exist a particular state |0), called the vacuum, with the following properties

e [t is invariant under Lorentz transformations;

e Its eigenvalue w.r.t. all the dynamical observables (e.g. energy, angular momen-
tum) is zero, while its eigenvalue w.r.t. discrete symmetry operations (like space
reflection) is +1.

e It is normalizable: (0]0) = 1.
e [t is the lowest energy eigenstate and it is unique.

The vacuum acts as the “no-particle” state for both the in and out operators simultane-
ously: a™(p)|0) = a®™(p)|0) = 0, while the successive application of creation operators
give rise to the multi-particle states defined in (1.1)-(1.2). Then the completeness postu-
late included in Axiom I guarantees that all vectors in the Hilbert space can be written
as linear combinations of basis vectors either in the form (1.1) or by (1.2).

1.1.2 Asymptotic and Interpolating Fields

To formalise the connection between particle states and local observables, we can intro-
duce asymptotic fields ¢injou(also called auziliary fields). These are precisely the field
operators built out of the (in) and (out) CCR-algebras and therefore they are free fields:
they are related to physical particles (subject to interactions) only by the physical inter-
pretation we gave to the in/out-states in the previous section, i.e. they exist as long-time
limit of interacting ot interpolating fields that we will introduce shortly. We don’t want to
indulge to much into the details of the free field construction but it is important to stress
that these fields satisfy all the usual desiderable properties already discussed in Subsection
0.1.1 (see also Appendix A). The main aim of this subsection is to delve for the first time
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into non-trivial field theory by introducing the following axiom, the asymptotic condition:

Axiom II:
Given any pair of states |A) and |B) of interest to the experimentalist, i.e. any of the
in/out states, there exists an operator field ¢(x), called the interpolating field, such that

lim | daf(@) (Al {&(x) = Gmou(z)} B, (1.5)

t—+o0

where f(z) is any normalizable solution of the free particle Klein-Gordon equation

(0.6).

The role of this field is basically to mediate the evolution of the physical system between
its directly detectable initial and final configurations. Nevertheless observe that to do it,
we must first smear out the field operators by folding them into the normalizable wave
f(z), and second, we must apply this condition not to the operators themselves but rather
to their matrix elements (weak convergence). A further necessary requirement for these
fields is the stability of 1-particle states. To define it, it is customary to introduce a source
term n(z) by

O+ m*)o(x) =nlx), (1.6)

and then taking matrix elements between the vacuum and 1-particle state, we need
that

Oln(z)lp) = 0. (1.7)
Normally, working on Lagrangian field theories, the dynamics is specified by expressing
the source as a function of the interpolating fields but in our context this is not required.
The only essential assumption which we need to make is that n(z) is a local operator,
in the sense that it depends on the interpolating fields only at the point z. For example
it is forbidden to take for n(z) a quasi-local operator like {d2/G(x — 2/)¢"(2'), where
G(z — ') is a c-number function [33]. Lastly we need to stress once more the following
and fundamental microcausality axiom:

Axiom III:
Irrespectively of any dynamical detail of the theory, the commutator of the fields shall
vanish for space-like separations:

[¢(2), 6(y)] =0, (z —y)* < 0. (1.8)

Taking into account the locality required for the source operator n(z), the following
condition follows:

Axiom IV:
Considering a local source n(x), the microcausality axiom implies:

[n(x), 6(y)] =0, (z —y)* < 0. (1.9)

From basic relativistic requirements, we must avoid propagation of signals exceeding
the speed of light, and axioms III and IV ensure that experiments subject to the laws of
quantum mechanics do not violate this causality condition. In Appendix A I present the
first direct application of these principles: the LSZ reduction formulas [34].
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1.2 General Properties of Integrable Field Theories

We are now ready to outline the general properties satisfied by the S-matrix. We will first
introduce the general properties usually satisfied by any relativistic quantum field theory,
and then we will see how integrability imposes drastic simplification on the scattering
amplitudes: in the end, the only important object needed will be the 2-particle S-matrix
that, thanks to symmetries, can be fixed “almost” uniquely.

1.2.1 Unitarity and Lorentz Invariance

Unitarity as usual means that, given a generic asymptotic state, that for brevity we
write as [¢) = Y, a,|n)* we have conservation of probabilities

L= KnlS[P, (1.10)

or equivalently STS = 1. This property is often referred in literature as physical unitar-
ity. Having a relativistic theory we also expect Lorentz invariance to play a fundamental
role. If we denote by L a generic Lorentz transformation such that L|n) = |n’), requiring
invariance for the S-matrix means that

(m/|S|n"y = (m|S|n). (1.11)

To appreciate better this constraint we can consider a simple two-to-two scattering
process: p; + po — p3 + ps. As usual when studying scattering theory, it is useful to
introduce the Mandelstam variables:

s=(p1+p)°, t=(p1—p3)° u=(p1—ps)?, (1.12)

where p; = (p = E;,p}). Because of the usual conservation law p; + py = p3 + D4
and the fact that momenta are on-shell p? = m?, then s +t + u = Z?zl m? and the
scattering amplitudes depend only on this Lorentz invariant combinations that represent
the total energy squared in the centre-of-mass frame and the momentum transfer squared
(between the particle 1 and 3 and between the particle 1 and 4 respectively). Usually, the
parametrisation (Ej;, p!) = (m; cosh 0;, m; sinh 6;) in terms of the rapidity variable 6 is the
next step. Now the Mandelstam variables read

s =m3 +mj + 2mymsy cosh 0y, (1.13)
t =m? +m3 — 2mymg cosh 63, (1.14)
u =m3}+mj — 2mimycosh 4, (1.15)

where 0;; = 0; —0;. Indeed, Lorentz invariance implies that relativistic invariants can only
depend on rapidity differences. In the following, we will also impose the usual discrete
symmetries: charge conjugation, parity reversal and time reversal symmetries together
with the fundamental property of relativistic S-matrices, the so-called crossing symmetry;
but we postpone their characterisation to later. In fact, it turns out that, thanks to
integrability, the only important object we will need to characterise arbitrary scattering
of particle is the 2-particle S-matrix and we will enforce on it all these symmetries to fix

2Clearly the vectors |n) are orthogonal basis vectors that from the completeness postulate generate
the Hilbert space of the asymptotic states (1.1) and (1.2).
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it almost completely. Another very important assumption is the macroscopic causality
property of space-time |35].

Axiom V: Macrocausality
The scattering amplitude is non-zero only if the outgoing particles are created after the
1MCOMINg ones.

Considering a scattering amplitude

ag,...,am+2<p37 L 7pm+2|8‘p17p2>a1,a2 ) (116>

where the momenta are ordered as p; > po; p3 > ps > -+ > pmao. This assumption
implies that the time 75 when the incoming particle 1 collides with the particle 2 has to
be smaller than the time 793 when the slowest incoming particle (the particle 2) interacts
with the fastest outgoing particle (the particle 3), 793 < 712. A violation of this inequality
is allowed on microscopic but not macroscopic time scales.

1.2.2 Integrability in 14+ 1-dimensional QFTs

While in classical integrable theories the meaning of integrability is very clear and well
established - we have the Liouville-Arnold theorem for finite dimensional systems [36]
and the inverse scattering method for infinite-dimensional ones [37] - to translate the
notion to the quantum world is not easy at all and up to this date it is still an object
of debate [38, 39, 40]. The general idea is that these models should be characterised by
the existence of an infinite number of independent, conserved and mutually commuting
charges (), i.e. Integrals of Motion (IM). As a consequence they can be diagonalised
simultaneously Qs|p), = g\ (p)|p). and if they are local, i.e. they can be expressed as
integrals of local densities, they satisfy an additivity condition:

Qs‘pla <o 7pn>a1,...,an = (QEGI)(p1> + -+ Q£an)(pn)) ’pla <. 7pn>a1,...,an . (117>

Now, we arrive at the reason why 141-dimensional theories are special: by the
Coleman-Mandula theorem [41], in d > 2 the existence of even one conserved charge, either
a second or higher order tensor, the S-matrix trivialise: S=1! Therefore 1+1-dimensional
QFTs constitute a very peculiar case where integrability implements constraints that are
“strong” but ‘not too much™ the S-matrix is non-trivial but it is elastic and factorised.
We will now go through these properties that are the trademark of integrability.

Elasticity means that there is no particle production and that the total momentum is
conserved between incoming and outgoing particle states. If we consider the single charge

Qs:
dQs
dt
Hence, an initial eigenstate with a given eigenvalue will evolve into a superposition of
states sharing the same eigenvalue

Dd ) =) "W). (1.19)

i€in jeout

= 0. (1.18)

However, we have infinitely many of these constraints and therefore we must have m = n,

pi = pj; and ¢ = ¢ forany i =1,... n.

22



T time

p1 p2
Figure 1.1: The space-time diagram for a two-particle scattering process.

Another, more rigorous argument comes from [42, 43]. Consider a localised wave
packet with position and momentum centred around xy and pg respectively. Its wave
function is

Y(x) = JOO dp ¢~ % (p—po)?+ip(z—w0) (1.20)
—00
Here we have taken, for convenience, a Gaussian form of the momentum-space wave
function. If the incoming and outgoing particles are localised in space by placing them
in wave packets described by eq. (1.20), then the space-time diagram of the process is
as shown in Fig. 1.1. Each one of the lines in Fig. 1.1 represents the centre of the
wave packet of a particle either before any collision for the incoming particles or after
all collisions for the outgoing particles. Acting on the state described by (1.20) with an
operator exp {icQ),}, where ¢ is a constant and @ is a conserved tensor of order s, we
obtain® a new state with wave function

0
@Z(x) = f dp =% (P=po)*+ip(z—zo) +icp® (1.21)
—0

The wave packet is concentrated near the value of x where the phase is stationary at
p = po. Therefore we find that if ¢)(x) is concentrated near x = ¢ (by construction) then
@(m) is concentrated near x = x¢ — scpi ', i.e. for n > 1 the centre of the wave packet is
shifted by an amount that depends on its mean momentum pq (for n = 1, the charge is
just the momentum and all packets are moved by the same amount). Therefore, applying
the same operator to a multiparticle state, with wave packets of different momenta, all of
them will be moved relatively with respect to each other. Now, consider for instance the
scattering amplitude (1.16). Since the charge Qs commutes with the S-matrix, we can use

it to rearrange initial and final configurations without changing the resulting amplitude:

a37---7am+2<p3a s 7pm+2|S|p1>p2>a1,a2 T as,.., am+2<p37 s apm+2|e_iCQs SeiCQs |p1ap2>a17a2 :
(1.22)
This means that with a suitable choice of ¢, the time ¢35 at which the fastest outgoing
particle interact with the slowest incoming one, can in principle be smaller that t;5, the
time of interaction between the two incoming particles. But then, by the macrocausality

3 Just note that, from the definition of the conserved charge, we have €@ |p) = ¢“P" |p), since under
a Lorentz transformation, the charge Qs transforms as s copies of the total momentum P = Q.
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axiom, this amplitude vanishes. Thus, the only case in which the amplitude (1.22) is
non-zero is when we only have two outgoing particles with the same momenta pq, py as
the incoming ones. This is indeed an elastic scattering.

Factorised scattering means that the multiparticle S-matriz elements can be ex-
pressed in terms of two-particle ones. This fact greatly simplifies the dynamics of the
theory. To clarify this point, we will use the heuristic semi-classical argument pointed out
by Zamolodchikov and Zamolodchikov [44]. A more rigorous result can be found in [45].
Consider a system of N interacting particles with finite interaction range L. The config-
uration space of this model is RY, therefore, the position of the particles is described by
{r} = {x1,..., 2y} and in addition there are N! disconnected domains in this space where
all the particles are far enough from each other in such a way that they effectively behave
like free particles without interactions. This last consideration is completely equivalent
to the assumption of existence of asymptotic states as previously formulated. Each of
these domains can be identified by the succession of inequalities z,, < Z,, < -+ < T4y,
where |z,,,, — %,,| » L and o; permutations of the N integers. We denote this domain
by X,. The free motion of particles in these domains can then be described by a wave
function U(xy,...,zn), with {z} € X,. Now, if the incident momenta are ordered as
p1 > pg > --- > py, the wave function in each domain can only be a superposition of a
finite number of N-particle plane waves:

U, (21,...,08) = ZA(O’, o') exp [i(paflx(,l + e+ pogva:(,N)], (1.23)

where the sum is carried over all permutations ¢’ of the fixed set of momenta py, po, ..., py

constrained by elasticity, i.e. the set of momenta can only be reshuffled by the collision
processes. The coefficients A(c, ') are functions of the domain X, and of the permuta-
tion o’. Specifically, the coefficient A(o, I) (I here is the identical transposition) describes
the incident wave function in the domain X, and to obtain the scattering wave one needs
to have A(o,I) = 01if 0 # 1 and A(1,1) = 1. Instead, outgoing waves are described by
coefficients A(c, I) (I here is the inverse transposition 1(1,2,...,N) = (N,N—1n...,1))
in X, and therefore they are recognised as elements of the N-particle S-matrix. Taking
the 2-particle case (with particles of the same mass)

Wy cay (1, L) = € P1814P222) 4 G () po)eilPortpiza)
(1.24)

U sas (21, 22) = ST(P1,p2)6i(plx1+p2x2) .

Here Si and S7 are two-particle S-matrix elements corresponding to backward scatter-
ing (reflection) and forward scattering (transmission) respectively. This setup would have
been completely exact if we had considered a 1-dimensional problem of non-relativistic
particles interacting via a d-function potential [46]: basically, the scattering process can
be thought of as a system of plane waves propagating from one of these asymptotic/free
regions to the others passing through “boundary” interaction regions, a system of semi-
penetrable hypersurfaces positioned at x; = z; (for any 4, j). The point is that the
propagation path can always be chosen in a way such that it goes through interaction re-
gions where only two particles are close enough to interact. In the case of (1.24), this
region is identified by

|.Z‘1—.732|<<L, |$1—l’j|>>L, ‘I2—$j|>>L, |.Ti—$j|>>L,Z',j:3,4,...N. (125)
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P1 D2 P3

Figure 1.2: Space-time diagram illustrating a multiparticle factorised scattering.

In the end, the knowledge of the two-particle S-matrix is sufficient to determine all
the coefficients A(o,0’) and therefore to obtain the full multi-particle S-matrix. Every
N-particle element would be given by a product of N(NN — 1)/2 two-particle ones:

N—-1 N
i=1 j=it1

In Fig. (1.2) we have a typical representation of this kind of scattering picture. Clearly,
to prove formally this result we would have needed to consider at least the case of a 3-
particle scattering as in [45]. But to give an idea, we can make use again of the action of
the symmetry operator exp {icQ),}. If we consider a 3-particle state, it should be possible
to show that, by the action of the symmetry operator for different values of ¢ one should
be able to pass from one configuration to the others. This equivalence is formalised by
the famous Yang-Baxter equation (YBE) [47, 48]:

52(p27p3)52(p17p3>52(p1>p2) = 52(]?17])2)52(2917P3)52(p27p3)- (1-27)

The full power of this equation is best appreciated when considering matrix elements
involved in a generic non-diagonal process, where exchanges of flavors between particles
are possible. Indeed, making explicit the components, the YBE reads

DS (019) S0 (B15) Sh s (Ba5) = D S (B25) S50 (613) SE2 (612), (1.28)

C1,€2,C3 C1,€2,C3

where we also passed to rapidity variables. To generalise this result to amplitudes of an
arbitrary number of particle is straightforward. For instance, given a 5-particle process,
it is always possible to decompose it in products of 4-particle ones by displacing a particle
and repeating the procedure again and again we arrive at the fundamental 2-particle
components. From this construction we can also understand better why the S-matrix
trivialise in dimensions d > 2. In fact, in higher dimensions it is possible to choose non-
crossing trajectories for the particles, which in the plane is impossible, and in the end
every scattering event can be made equivalent to one where the particles never cross each
others.
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Figure 1.3: Equivalence of the 3-particle scattering amplitudes representing the Yang-
Baxter equations.

1.3 The Analytic Properties of the 2-particle S-matrix

The 2-particle S-matrix is all we need to describe scattering processes of an integrable
quantum field theory completely. Thus, we are left with the task of characterizing it,
relying mostly on its symmetries and analytical properties. From here onwards we will
primarily make use of the rapidity parametrisation already defined previously. Because
of Lorentz invariance, the Mandelstam invariants depend only on difference of rapidities.
Therefore, following the general definition (1.3), in a 2-particle elastic scattering of two
incoming (outgoing) particles with rapidities 60,0, (03,64), because of the constraints
already discussed, we have, #; = 03 and 0y = 6,. The 2-particle S-matrix is then just a
function S = S(6, — 02) and for 0, > 0, its action is defined by

|61, 92>;“] = Sfjl(él —0;)]61,02)7 . (1.29)

In terms of the Mandelstam variables defined in (1.13)-(1.15), we have u = 0 and
t = s(im — 012)". Therefore the S-matrix depends only on one invariant: S = S(s).

1.3.1 Symmetries and Analyticity

Now we can make use of the symmetries to fix it as much as possible. We start requiring
CPT-symmetry.

Parity symmetry (P-symmetry) indicates invariance under space-reflections. This

means, looking at (1.4), that the process should be the same if we exchange the par-
ticle ¢ with the particle j and the particle j with the particle [, or in components

SEG) = Sik(0) . (1.30)

4Not to be confused with the time-intervals defined previously
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s-channel

Figure 1.4: Graphical representation of the 2-particle elastic S-matrix element defined
by (1.29).

Time-reversal (T-symmetry)indicates reflection but in time, i.e. the process should
be the same if we exchange the particle ¢ with the particle [ and the particle j with the
particle k, or in components

SH(0) = 57:(0). (1.31)

In a theory invariant under charge conjugation (C-symmetry)we expect that the scat-
tering amplitudes is the same if the particles are substituted by their respective charge-
conjugates. That is

SE(9) = S (o), (1.32)

where the barred indices indicates the charged conjugated particles or anti-particles
(that can be considered also as moving backwards in time). These are fundamental
symmetries that we will always take for granted in our theories® . Now we can proceed
and discuss the analytic properties in terms of the Mandelstam variables. We just saw
that in a 1 + 1-dimensional integrable field theory only one of these is independent and
it is standard to choose s, the energy squared of the centre of mass (the square of the
forward-channel momentum). Remembering the definition in terms of rapidities (1.13),

s=mj+ m? + 2m;m; cosh 0;; , (1.33)

we see that, to have a physical process we need 6;; € R and consequently s is also real
and then it also satisfies the inequality: s = (m; + m;)?. To study the analytic properties
of the function S(s) we need to analytically continue it to the complex plane.

In the complex s-plane S is a singlevalued, meromorphic function with branch cuts on
the real axis starting at the kinematical thresholds s > (m;+m;)? (the “direct” s-channel)

5Note that in IQFTs such as the homogeneous sine-Gordon model or the Federbush model, an S-
matrix can be constructed even in the absence of explicit PT-symmetry; in these models the factorisation
and integrability properties suffice to determine a consistent scattering theory. For further reading, see
e.g. [49, 50, 51, 52, 29].
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Figure 1.5: The simplest 2-sheet Riemann surface of the 2-particle S-matrix.

and s < (m; —m;)? ( the “crossed” ¢/u-channel). The physical region is therefore defined
by st = s+ 10, i.e. slightly above the right cut (see Fig. 1.6) and the first sheet of the
Riemann surface for S is consequently called the “physical sheet”.

Analyticity of the S-matrices in this circumstances means that apart from the thresh-
olds, these objects are analytical in the entire plane apart from a minimal number of
singularities (poles) dictated by specific physical processes.

Unitarity in the physical region implies

SE(sT)(Sm™M*(sT) = ooy (1.34)

Then from the analyticity assumption just stated above, the S-matrix in the physical
region is the boundary value of an analytic function in the whole s-plane and we can
upgrade this property to hermitian analyticity:

Sii (s™) = (Si)*(s) - (1.35)

If we add up the T-symmetry (1.31) we obtain an even stronger property called real
analyticity [51]

SH(s*) = (SE)*(s), (1.36)

hence for s € R, S(s) is also real and (m; —m;)* < s < (m; + m;)>.

Another crucial property we require is the crossing symmetry:

SH(s) = SIE(t). (1.37)

In terms of rapidities, since t(0) = s(im — ), this property can be rewritten as
SE(0) = SiF(im — 0) = Cjo Sk (im — O)C™, (1.38)
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where C is the charge-conjugation operator.This property is deeply related in the relativis-
tic invariance of the theory since it is based on the invariance of the physical processes
under exchange of space and time (i.e. rotation of the s-channel into the ¢-channel). The
real analyticity property (1.36) implies that

SH (™) (SR (s7) = apop, (1.39)

with s~ = s — 0. This condition ensures the existence of the branch cut starting at
s = (m;+m;)? (the 2-particle threshold) for the S-matrix® and crossing symmetry implies
that the other branch cut starting from s = (m; —m;)? (towards —c0) must also be there.
If we take for granted this structure on the s-plane is also easy to see that the branch is
of square-root type. Indeed, let S,(s) be the analytical continuation of S(s) below the
cut around the right branch point. By unitarity

S(sT)S,(s7) =1, (1.40)

and then

S.(s7)=8"(s7) = 5(sT), (1.41)

by real analyticity. The last equality means that to return to the original S-matrix we
need to analytically continue twice around the branch point, i.e. the branch point is of
square root type. See Fig.(1.5) for a qualitative idea of the structure of the Riemann
surfaces. Another perspective on the analytical structure can be obtained passing to
rapidity variables. Inverting (1.13) we get

2 2

S—m; — m;

Hij = COShi1 S ——
Qmimj

log (s —m; —mj + /(s = (mi +m;)?) (s — (m; — mj)Z)) _ (1.42)

2mimj

Now, the physical sheet is mapped into the strip 0 < Im(;;) < m, the second sheet is
mapped to 7 < Im(6;;) < 27 and so on, with periodicity 2mi. As a function of rapidity 6,
S(0) is a meromorphic function and by real analyticity, S(0) is real on the imaginary axis
of 0 (see Fig.(1.7)). In terms of rapidity variables we can also rewrite the fundamental
analytic properties of the S-matrix as

e Unitarity:

S (0)SH, (~0) = ool (1.43)
e Crossing: i
S (9) = S (im — 0). (1.44)

61f the theory is an interacting one.
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Figure 1.6: S-matrix analytic properties in the s-plane. U and C' stand for unitarity
and crossing transformations.
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Figure 1.7: S-matrix analytic properties in the #-plane. U and C' stand for unitarity
and crossing transformations.
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1.3.2 The Zamolodchikov-Faddeev Algebra

Another important aspect of the formulation of scattering amplitudes in integrable field
theories that we need to introduce comes from the algebraic perspective. In fact, we can
describe the general structure of the factorised S-matrix by generalising the usual CCR-
algebra (0.12) to the interacting case. We can think of defining the S-matrix directly as
an operator that satisfies

Aa(0:) Ap(0;) = gy (i) Ac(0;) Aa(0s) (1.45)

where the A,(0;)s define an algebra of symbols that acting onto the vacuum create
asymptotic particles. The arrangement of the symbols in a product corresponds to that of
particles along the spatial axis: in-states are identified with order of decreasing rapidities
of particles and the order is inverted for out-states. That is

Aal (01)|0> =0= <0|AZLl (81) ) (146>

while Af (61)]0) = |01)4, creates a particle with rapidity #; and transforms in a linear
irreducible representation of the symmetry algebra. For generic asymptotic states, taking
the order 61 > 65 > --- > 0,,, we have

101,02, -+ )y, = AL (01) AL (02) ... AL (0,)]0), (1.47)
101,02, .., 0n)ine, 0 = AL (0n) ... AL (0 ) L (01)]0), (1.48)
arazean 01 02, On] = Aqy (01)Aay (62) - - Aa, (62)]0), (1.49)
arazean” 01,02, O] = Aq, (0n) ... Ay (02) Aa, (61)]0) . (1.50)

The operators Aq, (01) , Al (61) are elements of an associative non-commutative alge-
bra, the Zamolodchikov-Faddeev (ZF) algebra [44]. To complete its definition we need to
specify the full commutation relations:

AL(01) Ay (02) =

, °4(015) AL(0:) AL(01) (1.51)
Al (00)Af(82) =

S C
SC(020) Al (02) Ag(0y) + 0(012)0ap - (1.52)

These relations clearly generalise the free bosonic/fermionic CCR, corresponding to
S = +1. In this algebraic perspective, the Yang-Baxter equations naturally arise as the
associativity condition of the ZF algebra and also the unitarity condition (1.43) can be
seen as a simple consequence of it.

1.4 General Solutions for Purely Elastic Scattering

Historically, the first factorised S-matrix was discovered in the context of non-relativistic
one-dimensional scattering of particles through a J-function potential [53, 47, 54] and in
the context of nonlinear classical integrable models [46, 55, 56, 57, 58| by means of the
inverse scattering method (ISM). The sine-Gordon equation [57] describes a relativistic,
nonlinear field theory admitting soliton and anti-soliton solutions. In the 1970s, it gained
prominence as a rare example of an exactly solvable quantum field theory, made even more
intriguing by its equivalence to the massive Thirring model [59]. Despite its integrability,
it features a rich particle spectrum including solitons, anti-solitons, and their bound states
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and it is therefore no surprise that it was chosen as the ideal testing ground for new non-
perturbative techniques and ultimately, for the first exact S-matrix computation. Indeed,
starting from some preliminary results obtained by the quantum version of the inverse
scattering method (QISM) [60], A. B. Zamolodchikov succeeded in computing the exact S-
matrix elements of soliton-antisoliton scattering |61, 62]. This result was later generalised
by himself and his brother to the complete S-matrix of the O(/N) models (the sine-Gordon
model correspond to N = 2) in the foundational work [44]. In this thesis we will focus
only on models with diagonal S-matrices with a single particle species without bound
states and therefore we do not need to go deep into the machinery of the more intricate
models (we will not discuss the S-matrix Bootstrap). For instance, the YBE can determine
the ratios between S-matrix elements belonging to the same multiplet, but clearly they
become trivial in the case we are interested in. Therefore in the following we will first
introduce general solutions for diagonal S-matrices following [63, 18, 64| and then, we will
return to a more general case (precisely the sine-Gordon scattering initially studied in
[62]) discussed in [65] to give an idea of the procedure used and to show the uniqueness of
the solutions. This last part is not there just as a mere curiosity, but in fact, we will see in
the small computation presented by M. Karowski et al. a method that will be proven to
be fundamental for the computations of form factors [66, 6] and to our results presented
in the later chapters.

1.4.1 Diagonal S-matrices

Integrability implies the conservation of the set of momenta in a scattering process but if
the scattering is diagonal the picture gets simplified even further. In fact, in this case the
momentum and all the quantum numbers of each particle are conserved in every precess
individually. The scattering is purely transmissive and having now

Sfjl((‘)) = 5;“5;-5‘@(9) : (1.53)

we can specify the S-matrix elements by just .S;;. The unitarity and crossing conditions
simplify to

5ij(0)5i;(=0) = 1, Sij(0) = Sij(im —0). (1.54)
There are two kinds of generic meromorphic functions that satisfy (1.54), real analyt-
icity and 2mi-periodicity [63]:
1. Functions f(6) such that

sinh (*45)
sinh (5222

2

f(0) = H(x)e, where (x)p =

reA

(1.55)

for A a set of complex numbers invariant under conjugation. Notice that the blocks
()g posses a simple pole of residue 2isin (z7m) at § = izm and a simple zero at
0 = —ixm.

2. Functions ®(6) such that

O(0) = | [ @a,(6),  where ®, (6) = e "0 (1.56)
seS

where a; is real and s is an odd integer in some arbitrary set S [67].
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The second kind (1.56) is usually excluded: in local QFTs; it follows from the Wight-
man axioms that scattering amplitudes are expected to be polynomially bounded in the
momenta [67, 68, 69] and the second type clearly violates this bound. Nevertheless am-
plitudes like (1.56) will be at the centre of our discussion in the later chapters and it is at
least interesting to note as they were already taken into account (and then disregarded)
in early studies. But now we want to concentrate on the first kind written above. We
exclude the existence of unstable particles requiring that all the poles occur on the imag-
inary f-axis. In this way every x in (1.55) is real and we can restrict it to —1 < x < 1.
The functions (z)g inside this range are the basic building blocks for every purely elastic
scattering theory. They satisfy some other useful properties:

T)o—iny ( )G—s-wry (:l? - y)H(Jj + y)9>

(z)
(z)
(X)ir—g = (1 — )9, (1.57)
()
(0)

If then, at least one of the particles ¢ or j is its own antiparticle, the additional
constraint coming from crossing

implies |70] that up to a sign, S;;(#) must be a product of building blocks in the form

sinh@ + isinzm  tanh (9+zac7r)

[z]o = —(2)s(1 — )9 = — i : (1.59)

sinhf —isinzm  tanh (9 W)

These solutions satisfy a similar set of constraints

[ﬂw=h+ﬂw—ﬂ—ﬂ [—]o
[2]o[2]-0 (1.60)
[2]9—iny [ ]6+z7ry (v + ylo[z — ylo,
0]y = (1.61)

For 0 < < 1 the simple poles of these functions are at § = irz and i(1 — z)m with
residues 2i tan xm and —2i tan x while the zeros are at —iam and —i(1 —x)w. The analyt-
icity property we required previously implies that the poles (and the zeros by unitarity)
of a factorised S-matrix completely specify the dynamics of a given model. Therefore, its
poles in the strip —7 < Im(f) < 7 of a given S-matrix element completely specify (up to

a sign”) the building blocks ()y into which the amplitude factorises.

Functions such as (1.55), (1.59) and (1.56) solve identically the unitarity and crossing
equations and are known as CDD-factors [71|. Studying Low’s scattering equation in
the one-meson approximation the authors found solutions involving an infinite number of
parameters. The existence of redundant solutions ignited the debate on what “physical”
really meant in this context and in particular, what are (if they exist) the most general

"We will not discuss further this problem but an overall minus sign is seen to be equivalent to an extra
factor of (1).
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physical principles which allow us to pick out in a unique way one “physical” admissible
solution [72]. For us, as mathematical physicists, this seems the perfect time to state
what we think the word “physical” means. Clearly there are two main interpretation on
what a “physical” model can be for us: first, we can think of “physical models” as the ones
that are realised in the real world, i.e. theories that describe natural phenomena like the
fundamental interactions or the collective behaviour of matter’s constituents; secondly we
can think of a “physical model” in a broader sense, for example as a QFT model that is
consistent with all the criteria that we expect to hold, like relativistic invariance, unitarity,
crossing and locality. In this sense the diagonal S-matrices described for instance by (1.59)
define well-posed and consistent QFTs and they will be at the centre of the discussion in
the next chapters. The simplest model we can build from (1.59), i.e. a model consisting
of a single interacting neutral particle, is the sinh-Gordon model |73, 74]:

b+1 sinh @ — i cos =2
S(0) = [— 5 ] = 2, (1.62)
9

sinh 6 + 7 cos 5

where —1 < b < 1. Apart from free theories, this is the only “physical” interacting
diagonal IQFT we will be interested in. A crucial property of the sinh-Gordon S-matrix
is that it does not admit any further non-trivial CDD factors. Indeed, the S-matrix (1.62)
itself can be interpreted as a pure CDD deformation of the free massive boson theory.
In particular, the free theory is recovered smoothly in the limit in which the coupling
constant is sent to zero, corresponding to b — 0, where the S-matrix becomes trivial.

This feature is not accidental, but rather reflects a general property of affine Toda field
theories: their exact relativistic S-matrices are given by the S-matrix of an underlying
conformal field theory, perturbed by a relevant operator, multiplied by a minimal CDD
factor encoding the interaction. From this perspective, the sinh-Gordon model can be
regarded as the simplest example of an affine Toda theory, corresponding to the SU(2)
case. Other well-known examples include the Bullough-Dodd model, which is related to
the Yang—Lee edge singularity, and more generally Toda theories associated with higher-
rank Lie algebras |73, 18]. In all these cases, the interacting S-matrix is fixed uniquely (up
to trivial factors) and coincides with the CDD dressing of the corresponding perturbed
minimal CFT.

Because CDD factors automatically solve unitarity and crossing symmetry, they repre-
sent, in general, the only ambiguity in the solution of the bootstrap equations for a given
particle content. However, in the case of the sinh-Gordon model this ambiguity is com-
pletely exhausted by (1.62) itself, which therefore provides a unique interacting solution
compatible with all physical requirements. Returning to the application to the real-world,
it is known in practice that not even one of the diagonal theories here described gives rise
to any realistic situation®: they are too unconstrained (by symmetries) and as such they
should be considered as useful (at least to us) toy models. Real-world particles have in-
ternal degrees of freedom which naturally implies non-diagonal scattering. Two relevant
examples are given by the already mentioned sine-Gordon model, which appears often
in condensed matter applications like Josephson junction arrays [78] and the magnetic
deformation of the Ising model [79] which was experimentally observed 15 years ago [30].

8Even though purely diagonal IQFTs do not seem to correspond to any direct physical model, their
non-relativistic limits can be identified with physically relevant systems. For instance, suitable non-
relativistic limits of Toda field theories and the O(N) non-linear sigma model reduce to Lieb-Liniger
models [75, 76, 77]. These examples provide explicit evidence of the universality of the Lieb-Liniger
model in describing non-relativistic integrable theories of bosons with local interactions.
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To conclude this paragraph, we briefly take a detour to address a concept that will
not be discussed further in this work, but nevertheless underlies the entire framework
developed so far, namely the notion of bootstrap, after which this thesis is named. We
have seen that all the constraints discussed up to this point are completely independent of
the particle content of a given theory. In particular, the diagonal two-particle scattering
amplitude of a local integrable quantum field theory can be constructed in terms of the
building blocks (1.55). These building blocks exhibit a simple pole at § = imrx. When
this pole lies on the physical sheet, namely for 0 < z < 1, it signals the presence of a
bound state in the spectrum of the theory. Let us consider this situation and place
the simple pole at @ = iufy, where the indices refer to a scattering process in which
two stable particles of masses A and B form a stable particle C, namely A + B — C.
The particle C' is an asymptotic one-particle state already present in the spectrum of the
theory. Therefore, from (1.33), the mass of this particle is given by

mZ, = m% +m% + 2mamp cosul g, (1.63)

which establishes a direct relation between the masses of the particles involved in the
fusion process. The quantities u§p are commonly referred to as fusing angles. A further
important consequence follows from crossing symmetry: depending on the channel in
which the process is viewed, each of the particles A, B, or C' can be interpreted as a bound
state of the other two. As a result, one can write two additional equations analogous to
(1.63) by permuting the particle labels. Consistency then requires the constraint

uSy +upo +uf, =2m. (1.64)

This interplay between the presence of bound states and crossing symmetry lies at
the core of the bootstrap method and of the associated bootstrap equations [81]. The
term “bootstrap” originates from the expression “to pull oneself up by one’s bootstraps”,
historically used to describe an impossible task. In the present context, it reflects the
idea that particles are held together by interactions mediated by the very same particles
appearing in the spectrum, leading to a set of self-consistency conditions.

At the level of the S-matrix, this self-consistency is encoded in the S-matrix bootstrap
equations [82, 61, 65|, which relate scattering amplitudes involving bound states to those
of their constituents. Explicitly, one has

Sap(0 +i55) Spp(0 — iuts) = Sep(6), (1.65)

where @55 = ™ — uGp.

1.4.2 On the Uniqueness of Elastic S-matrices

Now, to end this section we will show, following [65], how the absence of particle pro-
duction, non-vanishing backward scattering and factorisation are enough to determinate
uniquely the S-matrix of a massive fermion g. Their work was an immediate follow up to
Zamolodchikov’s first results on the sine-Gordon model that was obtained not only from
the meromorphicity of the S-matrix elements but also requiring exactness of the semi-
classical bound-state spectrum, vanishing of the reflection amplitude at integer values of
the coupling constant A and absence of resonances (poles away from the physical sheet).
They instead adopt the Thirring model point of view and prove that the meromorphicity
condition is enough to determine the scattering amplitude completely. Indeed, consider
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a 2-particle scattering amplitude with both transmissive t,5(6) and reflective r,4(0) com-
ponents

*g(p1)g ()| 9(p1)g(p2))™ = 6P — p1)d(py — Pa)teg(0) + O(pY — p2)d(py — p%)?”gg((@ .

1.66

If t,,(0) is the particle-particle scattering amplitude then we can write down the crossing
relations

tog(0) = roglim —0), tog(im — 0) = tgq(6) = 1gq(0) , (1.67)

and, taking into account also the elasticity and meromorphicity constraints, the unitarity

tog(0)tgg(—0) + rgg(0)reg(—0) =1, (1.68)
T45(0)tg5(—0) + tg5(0)rgg(—0) =0, (1.69)
tog(0)tgy(—0) = 1. (1.70)

Notice that, if r,5(f) = 0 we return to the diagonal case (1.53) and these equations
admit an infinite family of solutions ¢,5(#), that we already classified in the previous
subsection. Instead for r,5(6) # 0 we introduce the ratio

tg5(0)
h(f) = 22— (1.71)
rgs(0)
an odd function of 6, that satisfies
. h(9)
_ _ S — 1.72
tgg(0)tgg(im + 0) h(im —0) (1.72)
and the quadratic functional equation
h(im — O)h(im + ) + h*(0) = 1. (1.73)

Now comes into play the YBE (1.28), that we need to use to select the compatible
solutions. In fact not all the solutions of this equations are compatible with the factorised
form of the S-matrix. In particular, studying the 3-particle process (and its factorisation)

9(p1)g(p2)3(ps) — g(p1)g(p2)g(ps), equation (1.73) yields an additional constraint

h(931 + (912) = h(Zﬂ' + 931)}1(6‘12) + h(egl)h(l’ff — 912) N (174)

from which, after symmetrisation we obtain

h(z 031) — h(im — 0 h(z 012) — h(im — 6
(im + O31) (im 51) _ (i + b12) (im 12) = const. (1.75)
h(031) h(0:2)
For convenience the constant is chosen to be equal to 2 cos u. A common and unique
solution of the three equations (1.73)-(1.75) is given by the function

sinh (uf/m) ‘

ho) = sinh (ip)

(1.76)
The uniqueness of this solution can be seen to descend from the multiplicative addi-

tivity of the combinations L(x) = h(im — z) + ¢*h(z), which indeed satisfy the so-called
exzponential Cauchy functional equation: L(x +y) = L(z) - L(y). What is left is to show
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that all the amplitudes can be obtained by this solution A(f). We need two technical
assumptions here: first, there should exist a value of ;i such that ¢,;(#) is analytic and
non-zero on the physical strip 0 < Im(f#) < = and then, we need that the function
[1/sinh (2 — 0)]log t45(9) vanishes in absolute value as |Re(z)| — co. If this is the case, by
Cauchy’s formula

1 log t45(2)
logt,;(0) = 377 ), simh (z — e)dz. (1.77)

Therefore, since (1/2i) logt,5(6) = 645(), is the phase-shift, from (1.72) and (1.76) we
have

1 o dz 5 sinh (ud /)
993(6) = 4t J » sinh (z — 0) log <sinh (p(im — 0)/#)) ’ (1.78)

or through Fourier transform and partial integration

@) 1 J+oo @sinh [z(im — ) /7] sinh [% (ﬁ - 1)] |

1 (1.79)
o T cosh (%) sinh (%)

2

By using Malmsten’s formula’ for the integral representation of the logarithm of the
Gamma function and setting A = p /7 it is then possible to derive Zamolodchikov’s solution
[61, 62] in terms of an infinite product of Gamma functions. We want to stress [67] that
the unicity of this solution is obtained by adding several restrinctions: in particular, the
assumption that logt,;(6) was damped out forced all the CDD-factors of the type (1.56)
to vanish.

1.5 Scattering Amplitudes in the Presence of Bound-
aries

In this section we briefly review the extension of integrable scattering amplitudes to
models characterised by the presence of boundaries. Infinite and homogeneus systems are
a great arena but sometimes they are too “idealised” with respect to physical situations
where finite size effects, inohomogeneities and defects are always present. It is therefore
natural to implement these occurences by taking into account boundary effects [18, 83, 84]
(see also [85] for a survey of related studies). Even tough the bulk theory (i.e. without
boundaries) is integrable, and therefore is characterised by a factorised scattering, it
is highly non-trivial to obtain a factorised reflection at an arbitrary boundary. Most
boundaries spoil integrability and only a restricted set of integrable boundary conditions
preserve the desired structure. In general these boundary conditions are specified through
a boundary action functional or as perturbed conformal boundary conditions [83] but for
the sake of brevity we will directly take them for granted and consider amplitudes.

1.5.1 Boundary Scattering Amplitudes

Boundary scattering amplitudes where first discussed in [86, 87| but all the material
reviewed here is taken from the works [88, 83, 89]. We will work only on semi-infinite

—t

log(z) = §3 7 dt (= — 1) - ]

l—e—? t
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Figure 1.8: 1-particle reflection off the boundary at x = 0.

systems; considering a semi-infinite Minkowski space-time (x,t), t = —iy, x < 0, we define
asymptotic states as in Section 1.1. We have an impenetrable boundary in space and we
introduce a boundary Hilbert space Hp associated with the half-line y = const,x €
(—00,0]. The initial state

101,65, ...,0,)5n = Al (1), Al (02),... Al (6,)]0)5, (1.80)

n/ai,az,...,.an

where the subscript B indicates that |--- € Hp and |0)p is the ground state in the
boundary Hilbert space. Again, the asymptotic state can be seen as created by a ZF-
algebra analogous to (1.45), where in (1.80) we have 6; > 65 > --- > 6,. The picture
is the following: at time ¢ = —oo particles are created and travel towards the boundary
positioned at x = 0 — all the rapidities are positive. At x = 0 the particles are reflected
and in the infinite future, ¢ — oo, the state becomes a superposition of out-states

B, out
| - 9/17 _0/27 R _6;1>b1,z);...,bn ) (1'81>
of particles moving away from the boundary with negative rapidities. Notice that
because of integrability the scattering is purely elastic and therefore the set 07,05, ...,0.

can differ from the initial state just by permutations.

We can think of the boundary as an infinitely heavy impenetrable particle B sitting
at the origin and then write the boundary vacuum as if it was “created” by a so-called
“boundary creating operator” B:

0> = BJ|0). (1.82)
Then this operator satisfies the following exchange relation with the ZF-algebra

A (0)B = RE(0)Ay(—0)B, (1.83)

where the coefficients R%(0)'? are interpreted as the amplitudes of a 1-particle reflecting
off the boundaries as shown in Figure 1.8. Interestingly this is not the only set-up we can

10Tt is important to note that from the structure of the boundary asymptotic states, if m, # my the
amplitude R’ (#)vanishes.
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T time

Figure 1.9: 1-particle reflection off the boundary at ¢ = 0.

build from; we can also place a boundary in time, at ¢ = 0: this is the crossed channel
with respect to the previous situation, where the previous scattering process appears now
as a virtual emission pair from the boundary, with amplitude K°(9) (see Figure 1.9).

Being the crossed channel, this amplitude is related to the previous one by analytic
continuation to the domain —Im(#) = in/2,Re(d) < 0 — as

KY0) = RY (i—7T — 9) : (1.84)

In this picture the boundary condition is encoded in a boundary state |B) that is
contained in the Hilbert space of the bulk theory . Hence this state is a superposition
of the asymptotic states (1.1) of the bulk theory but not all the states can enter: because
of integrability and relativistic invariance only pairs of equal-mass particles with opposite
rapidities or zero-rapidity particles'! can enter the combinations. In the end one can write
down the boundary state as an expansion whose coefficients are precisely the amplitudes

K(0):

1 +00 1 +00
|B) = (1 + §f do Kb(0) AT (0) A®(—0) +> = exp [5[ df K}(0)A.T(0)A°(—0) |,
’ B (1.85)
i.e., the boundary state is a linear superposition of infinitely-many multiparticle states
but because of integrability, the multiparticle amplitudes are all factorised into an ordered
infinite products of 2-particle amplitudes K?(#).

As in the infinite system, the fundamental amplitudes (now we have both bulk and
boundary scattering available) S () and R (0) are constrained by a set of equations.
1. Boundary Yang-Bazter equation (bYBE):
RE:(0) S5 (01+02) B3 (01) Sl (61=02) = S3ie (01—02) R (01) S5y (0 +92)RZ%(9§23;
1.

' This possibility will be discussed briefly in the next subsection in the simple case of the Ising model.
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Figure 1.10: Boundary Yang-Baxter equations.

2. Boundary Unitarity:
R (0)Re(—0) = o,

a?

(1.87)

3. Boundary Cross-Unitarity:

Kul(6) = S54(260)Kea(—6) (1.88)

represented graphically in Figure 1.10, 1.11 and 1.12 respectively.

Like in the bulk case, the equations fix completely solutions up to a CDD-ambiguity,
i.e. we can always multiply a given solution by a function ®5(0) satisfying trivially (1.87)
and

Bp(0) = Dplir — 0). (1.89)

1.5.2 The Boundary Ising Model

The simplest example we can consider is the Ising model at T" # T, in zero magnetic field,
a free theory of massive Majorana fermions W(z). The bulk S-matrix is just S = —1 and
the equations (1.87) and (1.88) simplify to

v

R(OR(—0) — 1, R (Zg - 0) __R <5 i e) | (1.90)

Having a free theory, we have linearity in the fermionic modes and there are two
obvious boundary conditions which preserve integrability of the bulk theory, namely
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Figure 1.11: Boundary Unitarity.
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Figure 1.12: Boundary Cross-Unitarity.
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(¥(z) + U(z)) 0, and (U(x) —W(x)) _,=0. (1.91)

z=0

In the following we will refer to the first one as the fixed boundary condition and to
the second as the free boundary condition. Indeed, if we express the original spin op-
erator of the Ising model in terms of the Majorana fermions we can see that the first
case corresponds to the case where all the spins at the boundary are all equal to +1 (or
—1) while in the other case the spins at the boundary can take any arbitrary value. We
will not derive here the amplitudes but it is easy to see that to do it we just need to
take the mode expansion of the Majorana fermions in terms of their creation/annhilation
operators, substitute them into the boundary conditions (1.91) and then compare them
with the exchange relation of the boundary creating operator (1.83).

Imposing the fixed boundary condition the reflection amplitude that solves (1.83)
Is
, im0
Rfixea(0) = itanh (Z — 5) ) (1.92)

The amplitude in the crossed channel then is simply Kfgyeq(f) = itanhg. Instead,
imposing free boundary condition, the solution is given by

' 0
Rivee(6) = —icoth | 2 — 2 ), (1.93)
4 2
with the corresponding Kfee(f) = —i coth g. Notice that is amplitude possesses a pole

at @ = 0 which points out at the existence of a zero-momentum 1-particle state in the
boundary state (1.85), i.e.

| Bireey ~ (1 4+ AT(0) +...) [0),. (1.94)

The physical picture [83] is that spin configurations associated to this boundary condi-
tion contain an infinitely long fluctuating domain wall which separates two domains with
opposite magnetisation. The domain wall is interpreted as a zero-momentum particle
emitted by the boundary as is shown in Figure 1.13.

Perhaps surprisingly, these two are not the only boundary conditions that preserve
integrability in the Ising model. In fact the presence of a boundary magnetic field
does not spoil integrability. At the level of the action, this is possible because even with
the addition of this boundary field the action remains quadratic (in terms of the fermions).
With a similar procedure as in the other two cases, is then possible to arrive to a solution
that actually interpolates between the other two boundary conditions:

‘ . 9
Ry (6) = itanh (% - g)% with k=1 — 2h—m (1.95)
where h is the magnetic field. Varying h from 0 (free) to oo (fixed), as just anticipated, this
amplitude interpolates between the two other boundary conditions realizing a boundary
RG flow. The crossed-channel’s amplitude reads

, 0\ K+ cosh@
Kh(e) = ¢ tanh (5) m, (196)
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Figure 1.13: Domain wall configuration interpreted as a zero-momentum particle emit-
ted by the boundary state.

and therefore for any non-zero value of h the amplitude no longer has a pole at § = 0
since the magnetic field splits the degeneracy of the two vacua from which we start at h =
0. As a final remark, we can note that for h < h, = v/2m we can use the parametrisation
k = cos v and we can study the pole in the physical strip at § = i(7/2—v) that corresponds
to a boundary bound state. This phenomenon is usually understood as a form of “ boundary
hysteresis”. For h > h,. the pole disappears but we still have a pair of resonances localised
at 0 = —in/2 £ 6y, where now k is parametrised as k = — cosh 6y with 6y positive and
real.
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Chapter 2

Irrelevant Deformations of IQFTs

In this chapter we will introduce the generalised TT-deformations: irrelevant perturba-
tions of a given CFT or QFT (in the RG-flow sense). Recently, a particular class of
such perturbations has attracted considerable interest: those generated by the field T'T,
where T and T are the holomorphic and antiholomorphic components of the stress energy
tensor. Note that we have adopted a different notation for the TT-deformation and for
the operator itself TT , since the class of deformations we are about to introduce are not
given by the mere addition of this operator to the action but, as we shall see, arise from
a more involved procedure. The earliest study of this field’s properties, particularly its
vacuum expectation value, was carried out in [90] for generic 2D quantum field theory
and quickly followed by a systematic study of the form factors of the TT operator itself
[91, 92].

Generalised TT-deformations and their properties have been studied from several view-
points: in the context of 2D classical and quantum field theory! [102, 100, 103], in the
framework of the ODE/IM correspondence [104] (see [105] for a review), employing the
thermodynamic Bethe ansatz (TBA) approach [106, 107, 108, 109, 110, 111, 112, 113],
from the viewpoint of perturbed conformal field theory [114, 115, 116, 117, 118, 119, 120,
121] and also in the context of string theory [122, 123, 124, 125], holography [126, 127,
128, 129, 130, 131, 132, 133, 134], quantum gravity [135, 101, 136, 137, 138, 139], out-of-
equilibrium conformal field theory [140, 141], long-range spin chains [142, 143, 144, 145],
and the generalised hydrodynamics (GHD) approach [146, 147, 148, 149].

2.1 Generalised TT-deformations of IQFTs

In this section, following closely [150] we will introduce generalised TT-deformations in
the context of IQFTs.

"'While extensions of the TT-deformation to 1-dimensional, quantum-mechanical systems yields well-
defined, controllable theories [93, 94, 95], the proposed higher dimensional generalisations [96, 97| present
several complications, mainly consequence of the fewer amount of restrictions on the short-distance singu-
larities arising in the OPE of energy-momentum tensor components. Some promising advances have been
made in [98, 99] that considers extensions of the TT deformation in higher dimensions as field-dependent
perturbations of the space-time geometry, in the same spirit as the geometric interpretation of [100] and
the topological gravity picture of [101]
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2.1.1 Composite Fields from the Integrals ff Motion

As we already saw, the most important characteristic of these theories is the presence of an
infinite set of IM, generated by local currents, that is pairs of local fields {Ts,1(2), ©s_1(2)}
connected by a continuity equation

0Ty (2) = 00,_1(2), (2.1)

where the label s represents the spin of the corresponding fields. Usually we are thinking
of a subset § = {s} < Z which in general differs depending on the model under study
but at least for the values s = +1 we can easily recognise the equations (2.1) to represent
the conservation of energy-momentum which should be expected by any standard QFT
under general assumptions. In this case, the currents are precisely the components of the
energy-momentum tensor 7}, that for later convenience we reparametrise as

T=-2rT,,, T=-21Ts, ©=21T,;. (2.2)

Considering a parity invariant theory (P-symmetric) the set S would result symmetric
under P-reflection: s — —s, therefore, it is convenient for the following to fix properly
the notation. For s > 0 we write ©_,_; as Ty, and 7,41 as O,_1, removing all negative
entries from S. Then for s < 0 the continuity equations (2.1) will read

8TS+1(2) = 565_1(2) . (23)
From (2.1) and (2.3) follows directly that the integrals

1

Ps = — TS+1(Z)dZ + @S_I(Z)di, (24)
2w C

R R

g:—fnﬂwm+@4@m, (2.5)
27T C

are invariant under trivial deformations of the integration contour C' and therefore de-
fine local IM. This is precisely the construction we introduced in Chapter 0, in particular,
eq. (0.49) was derived as the extension of the chiral continuity equation to the massive
perturbation. The other ingredient for integrability is the commutativity of these charges
P, i.e. we need

[P, Py] =0, Vs,s'eS. (2.6)

Notice also here that (2.4) and (2.5) are the natural generalisation to the massive case
of (0.36). Having local IM of the form (2.4),(2.5) implies for the Ps (similar equations
hold for the P,):

[Ps’a Ts+1(z)] = aAs’,s(Z) ) [Ps’a @sfl(z)] = gAs’,s('Z) ) (27>

and

[Ps'a Ts+1(z)] = éBs’,s(Z> ’ [Ps’a és—l(z)] = aAS,,S(Z) ) (28)

where Ay, and By, are some local fields. Note also that, in general, the commutator
of a conserved charge P, with any local field O can be defined to be

[Py, O(z)] = % JC [Ts41(2)dz + ©4_1(2)dz] O(zp) - (2.9)

20
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In the case of QFTs with “conventional UV behaviour” the components {Ts,1(2), Os_1(2)}
both have scale dimensions equal to s + 1. Now, having defined these conserved currents
and their properties we want to use them to construct composite scalar fields taking prod-
ucts at different space time points, say z and z’ and then take the limit z — z’. In general
this should be a procedure plagued by divergencies and ambiguities but the combination

lim (To1(2)T-1(2") — ©5210,.1(2")) = X,(2') + derivatives terms, (2.10)
up to derivatives, is a well defined and not ambiguous object. This result was obtained
originally by Al. B. Zamolodchikov [90] in the case s = +1 and we review it in Appendix
B. The composite fields X, have mass dimensions [mass]?(**!) and are therefore irrelevant
in the RG-flow sense. Hence when used to perturb a given action, these operators will not
influence the long-distance/IR-behaviour but instead they will alter drastically the UV
properties. This means that, in general (not always), UV completeness will be lost . The
s = 1 case is special: it defines the TT-deformation, as we will see in the next section. This
operator first emerged in Zamolodchikov’s analysis of massless RG flows [151], particularly
in the context of flows driven by a spontaneously broken supersymmetry between minimal
models. For instance for the tricritical Ising to Ising flow, the dominant operator in the
IR is precisely the composite field 7T

£ = (00 + D00 + abdudd) (2.11)

where ¥0yn)dy) ~ TT. This Lagrangian, the so-called Volkov-Akulov model [152],
describes the goldstino emerging as the massless fermionic excitation resulting from the
broken supersymmetry.

To end this section we want to introduce a very interesting and universal property
satisfied by this family of operators. Consider an IQFT defined on an infinite cylinder,
i.e. with the spatial coordinate on a circle of circumference R, (z,y) — (r + R,y)—the
energy specturm is then discrete. It can be shown [90, 150| that, taking generic diagonal
matrix elements (n|...|n) of these operators, where |n) is an arbitrary non-degenerate
eigenstate of the energy and momentum operators?, we have

| Xs[n)y = (| Ton [n){n|Tsraln) — (n|Os-1[n)(n|Os-1|n). (2.12)

In the case s = 1 this property will be enough to completely characterise the energy-
spectrum of the theory. Notice also that, by rotational invariance, the expectation values
(X,) will all vanish in the infinite system size limit, R — oo for s > 1.

2.1.2 The TT-flow

We are finally ready to introduce the models we want to study in the later chapters.
Consider an IQFT in the spirit of [3], i.e. as a relevant perturbation of some known CFT.
Now, we can think of perturbing it again, say with the s = 1 operator defined in (2.10).
This operator is a very special one, it is precisely equal to the determinant of the stress-
energy tensor of the “seed theory”. Our intention is to generate a flow, that is, we want
to consider trajectories A, in the action space X, where « denotes the parameter along
the trajectory, such that at any point of the curve, the tangent vector is proportional to

2 Assume also the normalisation (n|n) = 1.
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%Aa = % d*z (detT),, . (2.13)
This equation define the so-called TT-deformation, where the name comes from CFTs,
where the determinant is precisely given by the product of just the chiral components of
TH (the trace © is zero in the conformal theory). These deformations preserve integra-
bility and are universal (in the sense that at least the s = 1 case, is almost always clearly
defined, by deriving from the existence of the stress-energy tensor itself). At this point
some observations need to be made. Being irrelevant these deformations affect the UV
properties of the theory and therefore it is not obvious why one should try to study the
massive field theory. Indeed at very high energies (compared to the physical mass of the
particles) the deformed massive theory is expected to possess the same UV singularities
as the deformed CFT [153]. The massive theory is associated with a relevant perturbation
[3] that selects a spectrum of particles which describes the IR. In the end, to fix uniquely
the fields X, we need to consider an IQFT, where these fields can be constructed explic-
itly in terms of the local IM densities (2.4)-(2.5) [150]. Another important aspect is that
IQFTs’ solvability is related to the possibility of reconducting all the interesting physical
quantities to a single object, the S-matrix. In the next section we will prove that these
irrelevant deformations modify the scattering amplitudes in a very precise way, that is,
they amount to multiplicative CDD-factors of the type (1.56) and therefore, in principle,
the IQFTs techniques can be carried out [106].

2.1.3 The Inviscid Burgers Equation and the Hagedorn Transi-
tion

As anticipated, we want to study the expectation value (2.12) in the s = 1 case. Having
the theory defined on a cylinder of radius R, it was proven in [90] that

(nXi|n) = nlTn)(n|Tny — (n|®]n)(n|Oln) ., (2.14)

where inside the bracket we have precisely the components of the stress-energy tensor
(2.2) and X; := detT. Being in a finite-size geometry we expect a discrete spectrum; we
denote E, = E, (R, «) the energy of the stationary states |n) and P, = P,(R) = 2nl,/R
(I, € Z) the corresponding quantised spatial momenta. In [90] is shown that

R R

The next crucial step was then taken more than ten years later simultaneously and
independently in the two fundamental works [106, 150|. In fact, according to the definition
(2.13), an infinitesimal shift of a is generated precisely by X; and when the operator is
sandwiched between eigenstates, the result will be proportional to the variation of the
energy with respect to the deformation itself. Therefore we are led to a close differential
equation for the deformed energy levels in terms of the undeformed ones that act as initial
condition at the RG-time o = 0 [106, 150]:

2 2
(n|Xi[ny = - (EnaREn + i) - (2.15)

2

0uE(R,a) + E(R,a)0rE(R, a) + % =0. (2.16)

The equation is the same for all n so we dropped the index. Equation (2.16) is known
as the forced inviscid Burgers equation, known for describing an incompressible fluid in
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the absence of viscosity. In our context the energy F/(R, ) plays the role of the velocity
field and « is the time variable. Notice also that the term proportional to P can be
interpreted as a “driving force”, with dimensions of a momentum flux and therefore can
be interpreted as a pressure. The general solution for any P can be worked out with the
method of characteristics but for P = 0 the equation (2.16) reduces now to the standard
inviscid Burgers equation

OoE(R,a) + E(R,a)0rE(R,a) = 0. (2.17)

It is now instructive to derive the solutions of this equation explicitly to study their
properties: the inviscid Burgers equation is known to possess solutions that develop shock
waves, i.e. singularities. This pathology has physical meaning and it is one of the main
features of these theories. The method of characteristics is the simplest way to treat a
partial differential equation (PDE) as (2.17): a quasi-linear first order hyperbolic equation.
It is a powerful method that relies on finding special curves, the so-called characteristics,
in the (o, R) plane, along which the PDE reduces to a family of ordinary differential
equation (ODE). Once the ODE is found, it can be solved along the characteristic curves
and we can revert back the solution to the original PDE. Take again equation (2.17)

0E(R, «) E(R,«)
o OR

Considering an arbitrary curve & — R(«), then by chain rule, the total derivative of
E along the curve is

+ E(R, )

=0. (2.18)

dE(R, «) B 0E(R, «) ﬁaE(R, «)
do B oa do OoR

Now, the idea is to pick dR/da in such a way that the PDE will imply dE/da = 0,
i.e. E(R,a) would be constant along it. From the PDE (2.17)

(2.19)

dE(R.a) [dR OE(R, a)
— = <% — F(R, a)) —n (2.20)

For this to vanish for all E' (except from trivial constant cases) we need to choose

dR
—=FK 2.21
=~ B(Ra), (221)

and then (2.20) will follow, that is E(R, ) will be constant along each characteristic
curve R(a). Now we need to solve a system of ODEs along the characteristics:

iR dE(R, a)
% = E(R, Oé) s and T

We now need initial conditions. We impose the energy profile at &« = 0 to be F(R,0) =
Eo(R) and each characteristic is uniquely labeled by its starting point:

~0. (2.22)

R(0) = Ry, E(Ry,0) = Eo(Ry) . (2.23)

Recall now that the energy is constant along the characteristics:

E (R(a),a) = Eo(Ryp) . (2.24)

Therefore, integrating the characteristic equation (2.22) we obtain
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R(a) = Ry + aEy(Ry) - (2.25)

Since E(R,a) = Ey(Rp), we can now invert the relation (2.25) to get the implicit
equation

E(R,a) = Ey (R — aE(R, ) . (2.26)

This equation gives the universal TT-deformed spectrum (on the cylinder) of any
possible model as a function of the undeformed one. Notice also that to get this result we
never used integrability even tough the same solution can be found by IQFT techniques as
the TBA and the NLIE [106]. We are finally ready to discuss some possible solutions and
their breakdown, i.e. how shock singularities develop. The problem is that, the method of
characteristics works only as long as characteristics do not intersect. Once they
cross, the solution becomes multi-valued corresponding to a break-down of the classical
method. In fact we found that each characteristic is defined by (2.25): since the energy is
constant along each curve, we can recover the solution at a given point (R, «) by finding
the characteristic that passes through it, i.e. finding the corresponding Ry. To do this we
must invert the function (2.25) and therefore invertibility is the crucial property that
guarantees that characteristics do not cross each other. To check invertibility we need to
check the derivative of (2.25) with respect to Ry:

d dE,
R'(a) : 1t =1+« o(fh)

T dRy “dR,
When this derivative vanishes the mapping ceases to be locally invertible, i.e. two or
more characteristics intersect at the same point (R, ). Therefore the shock condition is

(2.27)

dEy(Ry)
dRy
This means that there exists a critical value of the deformation parameter @ = & at
which the first shock appears:

1+a =0. (2.28)

o (M;—;ﬁ))) o (2.29)

We can understand the nature of the singularity by expanding the characteristic curve
R around the critical point R, defined by

dEy(Ry)

| _0. 2.
o« = h 0 (2.30)

Ro=Rc.

Then we can Taylor expand R(R,) around this point:

(07

R = Ro + OéE()(R(]) -~ Rc + OCE()(RC) + (1 + CYE(I)(R()))(RO - RC) + 5

E!(R)(Ro — R)? + ...

(2.31)
but at the shock point by definition 1 + aE{(R.) = 0, hence the linear term in (2.31)
vanishes and we are left with

R~ R, +aBy(R,) + %E{{(RC)(RO “ R+ ... (2.32)

Inverting this expression for Ry we get to leading order
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R— R, —aFEy(R,) ~ —EJ(R.)(Ry — R.)*, (2.33)

| e

and solving for Ry — R,:

RO . Rc ~ \/2(R - Rc - aEO(Rc)) ] (234>

aEj(R.)

Now, we can plug this solution in (2.24) to find, expanding again

E(R,a) = Ey(Ry) = Eo(R. ~ Eo(R.) + Ey(R.)(Ro — R.) + . ... (2.35)

~ Eo(Re) + E()(Rc)\/ 21 - 5];6,—(25()(38))

This shows that the energy develops a square-root branch point at the shock
location. We are finally ready to see a concrete example. Consider now the undeformed
theory to be a unitary 2-dimensional CFT. For the initial conditions we have [23]:

2m c 2
En 9 :En :_(An__>7 P'rl 9 :PTL = 5 °n; 2.
(R.0) = Ey(R) = = (80— 5 (R.0) = P(R) = s, (2.36)
where A,, = h,, + h,, is the scaling dimension, s, = h, — h,, is the spin and c is the
central charge. Considering the ground-state in the simplest setting possible, like a free
boson (the same reasoning works also for more involved theories where Ay # 0), we have

e

Ey(R) = ——. 2.37
o(B) = T (2.37)
Imposing the shock condition (2.28) we get
dEo(Ro) e
= 0 2.38
iRy 6RO (2.38)

and therefore from (2.29), as soon as o becomes negative the singularity develops.

Always with the method of characteristics, and initial conditions (2.36) we can find
a general solution of (2.16) [154]. Actually, there will be two solutions E*(R,«a) for the
equation, corresponding to the two branches of square root:

1aE,(R) 4a?P?
\/ aEn(R) | da?Pi | (2.39)

R R

R
EX(R,a) = — |1+

but we can select the “physical branch” by Taylor expanding for small deformations
a ~ 0 and seeing which one of the two reduce to the original CFT data. Indeed, taking
the ground-state, we can see that the branch with the minus sign goes like

EO(R,a)~%[1—<1—M—...)]=E0(R)+.... (2.40)

Hence, it correctly reproduces the undeformed theory, while the other branch, in the
same limit, is seen to diverge as ~ R/a. As already mentioned, these shock singularities
are not just a mathematical feature but rather a signal of the breakdown of theory. To
end this section we want to proof that the appearance of shock singularities in the finite-
volume spectrum is precisely related to the breakdown of the theory at short distances
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and in fact it signals an Hagedorn transition [81, 155]. To see this we need to compute the
density of states: the irrelevant nature of the perturbation causes an exponential growth
of the density of states leading to a mazimal temperature, known as Hagedorn temperature.
This is a signal of a phase transition where conventional thermodynamics break down,
often interpreted as the emergence of a stringy /non-local regime®. To compute the density
of states we need first to define the partition function on a torus. Actually, TT-deformed
CF'Ts enjoy a lot of interesting and deep modular properties but we don refer the interested
reader to [115, 154] for the details.

To conclude this section, let us emphasise that an integrable quantum field theory
deformed by a TT operator exhibits remarkably different physical properties depending
on the sign of the deformation parameter. Consider a theory with undeformed ground-
state energy given by (2.37). Taking the physical branch, the deformed ground-state
energy for Py =0 is

(2.41)

B R 2rac
EO(R’Q):ﬂll_ 1+ 3R2

If « < 0, the function eventually develops a branch point at a certain value of «;
this is precisely the shock-singularity we described above. On the other hand, for a > 0,
the ground-state energy is well-defined for arbitrarily large values of a. However, in the
high-energy limit R — 0 we obtain

o |mc
}121210 Ey(R,a>0) =— 6o’ (2.42)

i.e. a finite a-dependent ground-state energy —eg(a) in the UV. This behavior is
not the one you would expect from a standard local QFT where the vacuum energy
becomes very large as you probe very short distances ( the UV limit). This normally
happens because there are infinitely many high-energy modes — the so-called zero-point
fluctuations — contributing to the energy. As a result, the ground state energy usually
diverges in the UV, as one can see for instance from eq. (2.37). This occurs because the
deformation introduces a new “minimal length” scale, a ~ 2, and when the finite volume
R is sent to zero, this length remains as the only relevant scale, effectively taking its place.
Notice that in the limit o — 0, this density diverges exactly as the Casimir energy would
have diverged as a function of R.

2.2 CDD-factors from TT-deformations

The main motivation behind our interest in this class of deformations of integrable quan-
tum field theories (IQFTs) lies in the fact that they correspond, at the level of the S-matrix,
to simple multiplicative CDD factors. Specifically, it is understood that, deforming a given
IQFT with S-matrix So() with a generic number of generalised TT-deformations of spin
s € S, as defined by (2.10) and (2.13), corresponds to the following deformation of the
scattering amplitude:

3The meaning of the Hagedorn temperature can vary significantly across different models. In some
cases, it signals a first-order phase transition, while in others it corresponds to a second-order or even a
more subtle crossover, depending on the underlying microscopic details and the nature of the deformation
[155, 106, 150, 156, 157].
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Sa(f) := So(0)®u(0) with log®a(f) = —i > am™ sinh(sf) . (2.43)

Notice that this CDD-factors are precisely the ones already mentioned in (1.56). Here
S denotes the set of the spins of the local conserved quantities and it is a fundamental
datum that depends on the specific theory under consideration. In the interpretation of
IQFTs as massive perturbations of CFTs, these are the conserved charges that are not
destroyed by the deformation process [3, 158]. In many cases, such as the thermal Ising
and sinh-Gordon models, S coincides with the set of odd natural numbers, but this is not
always the case’. Already in [161], it was observed that deforming the Ising field theory
(whose S-matrix is simply (S = —1) with a sinh-Gordon-like CDD factor (1.62) yields
a “bosonic” type S-matrix. These theories were generally labelled “unphysical’® due to
the appearance of complex values in the finite-volume ground state energy. Nevertheless,
it was understood that this S-matrix corresponds to a massive Ising model perturbed
by a particular combination of irrelevant operators, with 77T being the leading term in
the perturbative expansion. However, these CDD-factors were first employed within the
framework of integrability techniques in the context of string theory [162, 163]. Specifi-
cally, it was discovered that the finite-size spectrum of free massless bosons deformed by a
simple scalar CDD factor can be exactly computed via the Thermodynamic Bethe Ansatz
(TBA)® | reproducing the well-known Nambu-Goto energy levels. This approach, initially
developed to describe the closed string spectrum, was later extended to open strings and
to arbitrary 2D CF'Ts, offering a novel integrable perspective on effective string mod-
els for confining flux tubes [164, 106]. In [165] certain theories of free fields ¢(Q,x) on
noncommutative Minkowski spaces with different noncommutativity parameters () were
studied. These models were proven to satisfy a weaker form of localisation called wedge
localisation. Interestingly, these models can also be viewed as non-local (but wedge-local)
field theories on a flat Minkowski space with a non-trivial S-matrix given precisely by the
s = 1 term in (2.43), i.e. the CDD factor coming from a “pure” TT-deformation. Wedge
locality is a weaker notion of locality: instead of demanding that fields commute at arbi-
trary spacelike separation, one requires commutativity only when the fields are localised
in opposite wedge-regions of Minkowski space. Note that a wedge is not a bounded region
- it extends infinitely - so this condition is strictly weaker than the usual point-locality.
The existence of non-trivial “local” observables and their characterisation is one of the
main open questions in the study of these models. The construction here described is
briefly summarised in Appendix C.

2.2.1 TT-deformations and Dressing of the ZF-algebra

We want to provide here an original (and unpublished so far) way of proving the relation
between TT-deformations and the CDD-factors (2.43). The general idea comes from [166].
We start from an integrable theory with ZF-algebra (1.45):

4For example in the magnetic deformation of Ising model, S = {1,7,11,13,17,19, 23,29} mod 30 [3].
Remarkably, these numbers are the Coxeter exponents of the Lie algebra Eg. This is just one instance of
the deep relationship between IQFTs and the structure of Lie algebras, particularly evident for models
in the Toda family. The interested reader can find more details in, e.g., [159, 160].

5As clarified in subsection 1.4.1, by “physical QFT” we mean a consistent local quantum field theory.

ST the first TBA analysis on models with S-matrices of the type (2.43) were performed in [162, 164],
before the “official” introduction of the TT-deformation in [150, 106] although the fact that this operator
possessed a key role had already been noted [151, 161, 164].
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Z(p1)Z(p2) = S(p1,02)Z(p2)Z(p1) ,
Z(p1)Z"(p2) = S(p2,11) 2" (p2) Z(p1) + 6(p1 — p2) ,

along with the usual S-matrix properties

S (p1,p2) = (S(p1,p2))* = S(p2,p1) = S(—p1, —p2). (2.45)

Notice that in the present analysis we depart from our usual rapidity variables and revert
to momenta. This choice is motivated by two reasons. First, the perturbative computation
we follow is more naturally expressed in terms of two—momentum conservation, where
working directly with momenta avoids unnecessary changes of variables. Second, the
original reference [166] on which this section is based also employs momentum variables,
so adopting the same convention allows for a more direct comparison with its results. This
change is purely technical: as we know, momenta and rapidities are related one-to-one
for massive particles, and no ambiguity arises. For consistency with the rest of this work,
however, we shall eventually return to rapidity variables when presenting the final result
to facilitate comparison and maintain a uniform notation. That said, we want now to
study possible deformations of this algebra that still satisfy all the standard properties
and preserve integrability. Infinitesimally we have

Z'(p) = Z(p) + W (p),
S'(p1,p2) = S(p1,p2) + €T (p1,p2) -

(2.44)

(2.46)

In order to satisfy the ZF algebra they must fulfill the following relations [166]:

W<p1)Z(p2) + Z(pl)W(pQ) = T(p1,p2)Z(p2)Z(p1) + S(p1,p2>(z(p2)w(p1) + W(p2)Z(p1)) )

W(p1)Z'(p2) + Z(p1)W ' (p2) = T(p2, p1) Z" (p2) Z(p1) + S(p2, p1)(Z (p2)W (p1) + W (p2) Z (1)),
(2.47)

and unitarity conditions for T

(T(p1,p2))* = T(p2,p1) = T(—p1, —p2) = =T (p1,p2)S *(p1,p2) - (2.48)

Note that infinitesimal changes of the S-matrix are especially subtle and not taken for
granted if we consider a free boson because for every other integrable theory except this one
the S-matrix at zero momentum is S(0) = —1. Therefore we can say that the transition
from a free bosonic point of an integrable theory to another one is discontinuous at the
S-matrix level” and in this general construction we are explicitly thinking of S-matrices
that are “fermionic” (at zero rapidity). Returning to the main point, we are interested in
those transformations that in [166] are called “generators of S-matriz changes”. These are
transformations that induce a non-zero function 7" in the S-matrix and they are unique
in the sense that any infinitesimal transformation that has the same effect must involve
this ones®. The ansatz is the following

W(p) = (Z ALC)VA (Q)) Z(p). (2.49)

"In fact it is proven [167] that it is possible to obtain the S-matrix of all possible IQFT with smooth
deformations of the free fermion.

8This is in constrast with the usual aim of [83, 166] where the desired deformation of the states needs
to preserve the S-matrix.
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Inserting this ansatz in the conditions above gives a very strict constraint which is com-
pletely encoded in a relation for the coefficients in the sum:

Qg+, = 0. (2.50)

Hence, one can also set directly a,, = ia,, with a real functions. This infinitesimal
deformation of the ZF algebra preserves conserved charges by construction and the cor-
responding finite transformation reads

Z'(p) =P [exp (z J dtfp(t))] Z(p),  where Z,(t) = > Z'()Z(q), (2.51)

where P[...] denotes path-ordering integration and ¢ is a continuous parameter along
some path. This produces a change in the original S-matrix given by

(n0) = exp | [ ds (a0,(6) = 060|800 (252)

This closely resembles the result of [103|, where the scattering amplitudes are dressed
via topological gauging of the Poincaré symmetry, implemented through a path inte-
gral deformation by bilinear current operators. In contrast, our approach is inspired by
boundary integrable quantum field theories and quantum quenches, where the boundary
or quench state can be expressed as a dressing of the initial state by coherent pairs of par-
ticle-antiparticle excitations”. Therefore the transformation convert the old particle into a
new particle of the same momentum accompanied (or “dressed”) by a particle-antiparticle.
In the context of the TT-deformation this should correspond to “graviton-antigravitons”
pairs, i.e. the original particle gets gravitationally dressed. Hence, the aim of this section
is two-fold: first we will prove perturbatively that by dressing the ZF-algebra with TT
we correctly reproduce the CDD-factors (2.43): to prove this point we will consider the
simplest and most tractable theory (at least perturbatively) there is, i.e. a massive free
bosonic theory. Secondly, we will use the general idea to propose an exact and universal
deformation of the ZF-algebra that correctly implies it in the spirit of [166].

Consider the free massive boson Hamiltonian
1 /op\> 1 /00\° 1 ,,
o L (0® 109 2 2.
0 2(&5) +2(é‘x e (2.53)

1

5 [(0u00"0)" —m's"] . (2.54)

We want to dress the ZF operators with the interaction following [166]. We first define
auxilliary operators

and deform it with

TT = e The =

Bl (k) = Q. AT(k)Q1 B (k) = Q_AT(k)Q! (2.55)
where (2 are the Mgller operators

Q= lim e~ 12 dt Hine (2.56)

9We already saw a similar construction for the boundary state (1.85).

95



Acting on the vacuum state of the interacting theory, the operators B (k), B (k) cre-
ate “in” and “out” states respectively. We consider, as usual, the interaction Hamiltonian
as normal ordered, so that we have at first order, using the Hausdorsf-Baker formula

Bl(k) = AT(k) — z% LOO dt fdx [(: (0.00"9)" : —m* : ¢*:), AT(K)] . (2.57)

For simplicity let’s divide and calculate separately the two contributions.
We have

bo] 2

f fdx L (0,00"0)” 1, AT(R)] ; (2.58)
Vi(k) = im4§ Lw dt fdx [: ¢":, AT(R)] . (2.59)

Actually (2.59) was already calculated in [166] and therefore we just need to calculate X
and then take the difference. We define

¢(z,t) = % \/Z—% (e®TAT(k) + e * T A(k)) | (2.60)
0uo(x,t) = Ka \/%k (e AM(k) — e ™" A(K)) (2.61)

with E? = k* + m? and [AT(k), A(p)] = 2md(k — p). We get

[: (0.00"9)" 1, AT(k)] = 4

J dkydkodEs
X
(27T)3\/24Ek1 Ek2 Ek3 Ek

X l—(kl ko) (kg - ]g)AT(]ﬁ)AT<k2)AT(k,?))ei(k1+k;2+k3_k).$
4 3k - ko) (k- R)AT(kr) AT (ky) A ()l +Habs b
— [3(ky - ko) (ks - k) + (k1 - k) (ks - k3)] AT(kl)A(kz)A(kg)ei(kl—kgfkgfk).m
+ 2(ky - ko) (ks - k) Akr) A(ks) A(ks) 'R ke k=)=
Where (k; - k;) = (k;),(k;)* is the scalar product of the momenta. Now the idea is

to invert some of the momenta inside the integral so that, integrating in space we can
factorise a common Dirac delta. We obtain

e P dhadbydks (2m)0(k + ki + ka + k)
\/QEk (27‘(‘)34/ 23Ek1 Ek2Ek3

" l—<<—k1> e

+ 3((—k) - (—k)) (ks - k)AT(—ky) AT(—ky) A(ks)e B =B + Byt
— [3((=k1) - ) (ks - k) + (k1) - k) (ko - k)] AT(=k1) A(k) A(kg)e ! Pt BratFag )

+ 2(ky - ko) (ks - k) A(ky) A(kg) A(ks) e CHEr + By By )t
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Now we can make use of the “adiabatic switching” prescription wich consist in the
introduction a factor e in the t-integrand. According to the identity

0 .
dt —elt|—iBt _ ? 5 60
f%o ‘ E +ie’ ( )
we find
X1(k) = 2a 1 f dkydkydks(2m)6 (k + k1 + ko + ks) .
+ \/E (271-)3 23Ek‘1Ek2 E,

y [Jr((—kl) (k) ((—ks) - k)AT(=k1) AT (—ky) AT(—k3)
Ey — By, — Ey, — B,

((=k1) - (—ka)) (ks - k) AT (—k1) AT (— ko) A(ks)

Ey, — Ey, — Ey, + Ei, + 1€

N [3((=F1) - ko) (ks - k) + ((—k1) - k) (ks - kg)] AT(=F1) Ak) A(ks)
Ey — Ey, + Ey, + By,

Q(kl ko) (ks - k)A(kl)A(k2)A(k3>] .

Ey+ Ey, + Ep, + Ep,

-3

The only term where the shift +ie is required is the second one, because it is the only one
with a singularity ( at ky = —k, ko = —ks or ke = —k, k; = —k3). Using then the formal
identity

) 1 1Y _ .
61_1)]%5r i P (E) Fimd(E), (2.63)
we obtain
3T dk’ldkgdkg

XT(k) = XT(k) + 2a
i( ) ( ) /2Ek (271‘)2 /23Ek1Ek;2Ek3

X ((*/{?1) . (*k’g))(kg . k?)AT(*kl)AT(*k’z)A(kg)(S(ki + ki + ko + k3)5(Ek — Ek1 — Ek2 + E]%)
Bia [ dks (ks k)?

8 ) COBELE - &
3t dq (q- k)2
= X'(k) + =~ AN(k)AT(q)A(q),
W+ @) [kE, — qEy] (k)AT(9)Alg)
with
XT(k) = 200 f dkydkedks(2m)0(k + k1 + ko + k3) §
V2, (27)*/2 By, BB,

y [+ ((=F1) - (=k2))((=ks) - k) AT (=k1) AT(=ko) AT(—ks5)
Ey — By, — Ey, — L,

((=k1) - (—ka)) (ks - k) AT (—ky) AT (= ko) A(ks)

Ey, — Ey, — Ey, + B,
N [3((=F1) - ko) (ks - k) + ((=k1) - k) (ks - kg)] AT(=F1) A(ky) A(ks)

Ey — By, + Ey, + By,
kv - ko) (ks - k) A(k1) A(k2) A(ks)
Ey+ Ey, + Ey, + By,

- 3P.V.

Py
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In the same way, we can write

Jiae [ dg m?
Vi(k) =YT(k +—f AT(k)AT(g)A 2.64
with
YTUC) 2am* dkldkgdkg(zﬁ)é(k’ + ki + ko + k’g) o

~ \RE; (27)3~/23Ey, By, Er,
T(_ T(_ T(_ T(_ T(_
L ACRA CR)AT () AT k) ATk Ak
Ek — Ek1 — EkQ — Ek3 Ek — Ekl — EkQ + Ek3
AN(ki) Aka) A(ks) -, Alk1) A(ko) A(ks)
E, — Ek1 + Ekg + Ek3 E, + Ekl + Ek2 + Ekg .

The final result is

3ia [ dgq (q-k)* —m!
8 J (27) |kE, — qE]

Bl (k) = AT(k) — [XL(k) = YI(K)] = B'(k) ¥ Al(k)AN(q)A(q),

(2.65)
with BY(k) = XT(k) — YT(k). We can also use rapidity variables to rewrite it as

_ 3iam*

BL(O) = BI(0) ¥ =%

Now, we can define the ZF-operator

f%\ sinh (6 — 0)|AT(O)AT(0)A@).  (2.66)

Z1(0) = BY(0) 3%“ (‘;i) sinh (6 — ') AT (6) AT (6/) A(9')
I ! (2.67)
= BL(9) - % éi) (sinh (6 — 0') F |sinh (0 — ¢")|) AT(0) AT(0') A(¢)

If we remain at the first order in o we see that this operator satisfy the ZF-algebra
1 t — % 7t t . L Bl 9
Z (91)2 (82) = (S(Qn)) Z (02)2 (01), with S<912) = 1-7 Slnh012+0(a ) (268)

Therefore we have now another way to see the dressing by TT of the CCR algebra.
This gives also the right S-matrix (2.43) for the free boson at first order (The coefficient
can be reabsorbed as we wish in the «). Perturbatively we found that effectively TT
generate the S-matrix that we wanted but gave us also a way to deduce the exact form of
the dressing in the form (2.51). Actually this kind of dressing is not new and can be traced
back to methods of ISM [168]. The same method applies in general for 1+1-dimensional
QFT [169] but also in the context of TT-deformations was actually already introduced
(abstractly) in [165]. Basically, if we consider a free bosonic field with CCR-algebra (0.12)
it is always possible (formally) to define a bilinear form

W, (0) = exp { f do'G, (6 — @) AT (0’)A(0’)} , (2.69)
and then
W (0)AT(0') = eSO~ AT ()W, (0) (2.70)
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and

W, (6) = : exp { f do' <eGa<9—0’> - 1) AT(@’)A(@’)} . (2.71)

In this way we can generate the ZF-algebra Z1(0) = W, (0) Al (9) where G,(0 — 0') —
In F, (6 — 0') is exactly the exponent of the CDD-factor. The new ZF-algebra will satisfy
for example

AV AI CAVAI(OR (2.72)
With the choice F,(0 — €') = /®,(0) from (2.43) we get precisely the result we

wanted. It is worth noting that our construction not only shows how a deformation of
the action is explicitly related to the previously defined CDD factors, but also that such
factors preserve integrability. This, however, is not surprising, as these CDD factors,
as already saw in Chapter 1 (see 1.56) satisfy trivially the S-matrix equations.

99



60



Chapter 3

Completing the Bootstrap Program for
TT-deformed IQFTs

In a IQFT the only important data is the S-matrix of the model: the logarithm of the S-
matrix is in fact the only object needed for the TBA analysis already discussed previously,
but there is more to add. The knowledge of the scattering data is also a fundamental step
towards the determination of correlation functions. An essential ingredient for the full
solution of a 1+1-dimensional IQFT is the determination of its generalised form factors
[6, 10, 170, 171], i.e. the matrix elements of local or semi-local operators O, evaluated
between out and in states:

EO (0,0 0mir, -, 0n) = KO, 0L |O(0)| Oy - - oy O™ (3.1)

See Figure 3.1 for a graphical representation. Indeed, it can be easily seen that corre-
lation functions can be expanded as spectral series of form factors. Inserting a complete
set of intermediate states

del m in
1_,%[[@ n'% |91,...,en> Or,...,0.], (3.2)

into a 2-point function of two operators O;, Oy we obtain

de ! ¥ _rmY"_ cosh;
<0|Ol( 02 |0> Z f TLI' 277' F01<617”_78n) (FT(LQQ(6177QTL)> € 2'7:1 h6;
o
(3.3)
where r = /23 + 23 and

EFC(0y,...,0,) =0][00)|0,...,0,)™ (3.4)

is the actual form factor (see Fig. 3.2), i.e. the matrix element of a local or semi-
local operator placed at the origin, between an n-particle state and the vacuum with
0, > 6y, > --- > 0,. By relativistic invariance we just need to consider the relative distance
r between the operators and the exponential damping in (3.3) is obtained considering the
action of a Poincar¢ translation Ur, on the operator U, O(0)U;" = O(z) and on the
ZF-algebra

Ur, AN0,)Up! = e7 ™" @ AT(g,) (3.5)
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Figure 3.1: Generalised form factor of the operator O.

that results into

0|O()|0y, ..., 0,)" = e P @O, 4,). (3.6)

The integrals that enter the spectral series are all convergent in principle, but a com-
plete proof of convergence of these spectral series was proposed just recently [172, 173].
All the rest of this thesis will be devoted to the study of these objects. As we did in the
first half of the thesis we will first introduce the main object in the context of IQFTs and
then we will try to understand how we can adapt what it is known to a TT-deformed
theory.

3.1 The Form Factor Bootstrap Program for IQFTs

As already stressed previously, the very ambitious goal we have is to solve a IQFT com-
pletely by specifying its observables and we want to do it expanding the correlation
functions in terms of form factors (3.4).

3.1.1 The Form Factor’s Axioms

Like in the S-matrix case, we expect these objects to fulfill a series of constraints imposed
by symmetry and general physical requirement. Indeed, some of the properties we derive
for these objects are based on very fundamental requirements, namely the validity of the
LSZ-reduction formalism and the validity of the mazimal analyticity assumption already
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Figure 3.2: Form factor of the operator O.

employed in subsection 1.3.1 which now we extend:

Maximal analyticity: the S-matriz and the form factors are analytic functions ev-
erywhere except at the points where they posses singularities due to physical intermediate
states.

Considering a scalar operator placed at the origin O(0) we define a 2-particle gener-
alised form factor as the boundary value of an analytic function

<0|O(0)|‘91, 92>in = F2C)(812 + ZE) s (37)

where s12 = (p1 + p2)2 = 2m2(1 + cosh #12) is the usual Mandelstam variable. Under
the assumption of analyticity, an interchange between “in” and “out” states (equivalently
an inversion of the order of rapidities) brings us on the other half of the plane, i.e. through
analytic continuation to the lower edge of the unitary cut we obtain

{0]O(0)[6y, 0,)°™ = FY (515 — ie) . (3.8)

This property can be easily deduced from the LSZ-reduction formalism (see Appendix

A) by looking at the connected components of these elements. More generically, the
crossing property for the connected components yields

UG 0 OO0 st O = FO(s5; + i, b — i€, 10 +i€),  (3.9)

conn

where 1 <t <j<m,1<r<m<s<n m<k<l<nandt,, is the trasmitted
momentum. Usually we can suppress completely the “in/out” notation for the states
assuming that form factors are analytic functions of the rapidities which assume physical
values when the ordering prescription is (1.50). In practice we can restrict our attention
to matrix elements of the form (3.4) because the change in sign (and then direction) of the
particles can be implemented in rapidity variables by shifts of ¢ in the crossed channel.
Therefore (3.9) can be rewritten as

EO (0, . 0 |Omirs .., 0,) = FOO, +im, ..., 00, +im, Opyry ., 0n) (3.10)

Let’s now list some other fundamental properties.
Relativistic covariance implies that, for a generic operator of spin s, a boost of rapidity
A gives:
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Figure 3.3: Graphical representation of the Watson equation for the braiding.

FOO,+A,....00+A)=eFO0,...,0,). (3.11)

As expected the form factors of a scalar operator (i.e. s = 0) only depend on rapidity
differences. The braiding property

FOO1,...,05,0i1,...,0,) = S(0; — 0, 1)FEC (01, ...,0i41,0;,...,0,), (3.12)

is a simple consequence of the integrable structure of the theory (see Fig. 3.3).
In fact, considering the simple 2-particle case, from the definition of the ZF-algebra
(1.45) is clear that

€0]0(0)[61,62) = {0]O(0)| A"(6:) AT (62)]0)
= 5(612)<0|O(0)’AT(QQ)AT(91)|O> = 5(612)0[0(0)|02,01) . (3.13)
We can make this discussion a bit more precise. Returning to the initial definition
(3.7), if we insert a complete set of out-states between the operator insertion and the

2-particle state we can determine, for all 's > 4m?, the discontinuity of F(s) across the
cut

F2O(S + ZE) = <O‘O<O)‘0192>Out out<91’ 02‘91, 62>in = FQO(S — ZG)S(S + Z€) . (314)

This is the only branch-cut of the 2-particle form factor in the s-plane. Always consid-
ering just the 2-particle form factor, if we instead consider the crossing symmetry property

(3.9)-(3.10) together with eqs. (3.7)-(3.8) we get

s |O0)|py)™ = O[O0)IpY, —p5)™ = Fy (4m* — s — i), (3.15)
"5 00) [P = 0lO(0)|pY, —ph)™ = Fy’ (4m® — s + ie) . (3.16)

Tn general we should have: “lowest inelastic threshold” > s > 4m?, but in integrable theories there
are no inelastic transitions.
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Figure 3.4: Graphical representation of the Watson equation for the monodromy. This
equation can also be interpreted as defining the action of a map K : F2,, — F°.

But these two matrix elements should coincide ( it can be shown by using the com-
pleteness of the in and out basis states and the fact that °“(ph|pf " = §(p| — p4)) and
therefore we get the monodromy property

FP(4m? — s —ie) = FY(4m? — s + ie), (3.17)

or in term of rapidities

F20(¢92,01 — Z7T) = Ff(el + z'7r,92) . (318)

Notice that this equation was obtained just for 6; — #, > 0 but this result holds true
on the whole strip 0 < Im(6;2) < 27 by analytic continuation. If in (3.18) we shift ; by
i we can recast it in the more “standard” form

FQO(Hl + 2i7T,92) = F2(9(02761) . (319)

More generally, as in the case of eq. (3.12), also the monodromy property holds for
each 2-particle sub-channel, i.e.

FO (0, +2mi,0y,...,0,) = F(0y,...,0,,01). (3.20)

Equations (3.12) and (3.20) are usually referred as generalised Watson’s equations
[174, 6] (see also Fig. 3.3 and Fig. 3.4). Finally, if we consider diagonal theories without
bound states, form factors are meromorphic functions of rapidity differences 6;; in the
strip 0 < Im(6;;) < 27 with simple poles arising only at #;; = im; the corresponding
particle-antiparticle pair is not an independent asymptotic state anymore: together they
effectively annihilate. From the point of view of crossing, this situation is equivalent to a
three-particle configuration (cluster) in which two of the particles form a cluster that is
kinematically indistinguishable from a single particle (see Fig. 3.5). In other words, the
invariant mass of the cluster approaches that of a single on-shell excitation, schematically

(p1 + p2 + p3)2 — mi (321)
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This explains why the residue of the pole is governed by the reduction from an (n + 2)-
particle to an n-particle form factor: the “missing pair” has effectively been replaced by a
single particle state. To understand this better let’s consider eq. (3.10) with m =n =0
and taking O =1, i.e. the identity operator. We have

FX(0')0) = "0 |0)™ = 276(0 — 0) . (3.22)

This extremely simple example shows that when a particle with rapidity 6 appears
both in the initial and in the final state, a singular contribution is generally “produced”
in the right hand side of (3.10). Basically, the particle A(f) in the final state, crossing to
the initial one becomes A(6 + im) and annihilates the particle of the same type A(f) that
is already there. More formally [10, 175], from the LSZ-reduction formalism follows that,
taking a set of ordered rapidities ¢/ > 6 > 6, > --- > 0,,, and considering the full matrix
elements (with also the disconnected contributions) we have

ECL(010,01,...,0,) = F2,(0' +im, 0,01, ...,0,) + 2750 — ) F2(6y,...,0,), (3.23)

ECo(@0n,...,01,0) = F2 5(0n,...,01,0,0 —im) +2m5(0 — OV F (0, ...,01). (3.24)

We can then use (3.12) and the unitarity of the S-matrix to rewrite (3.24) as

FC (010,,...,01,0) = FC(0,01,...,0,,0 —in) (3.25)

+216(0 — 0') | [ S(0; — O)FL (O, ..., 01) -

j=1

In the end, if we subtract (3.23) and (3.25) we get

FO (0 +im,0,01,...,0,) = F2,(0,01,...,0,,0 —in) (3.26)
+216(0 — ') [H S0, —6) — 1] FO6,,...,0,).
j=1
For ¢ # 6 this equation is clearly the same as (3.20) but it also implies that the form
factor 9 (0’ + im, 0,04, ...,0,) posseses an annihilation pole at 0’ = 0 + i with residue
given by

—1 ReSQ/:g_H'ﬂ- F7?+2(9/ +m, (9, 91, R ,Qn) = <1 — HS((Q] — 9)) Ff(el, S ,On) . (327)

j=1

This equation plays a crucial role, as it provides a recursive relation that allows one
to construct higher-particle form factors starting from the lower-particle ones. The three
equations (3.12), (3.20), and (3.27) are commonly referred to as the form factor azioms
or form factor consistency equations, though—as we have just seen—they are more aptly
described by the latter term. Indeed, we derived them from fundamental properties of
the IQFT, rather than postulating them as axioms.
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Fno—}—Q — F:

Figure 3.5: Graphical representation of the recursive equation for the kinematical pole.

In practice, however, the standard approach often treats these equations as given:
one typically solves Watson’s equation in the two-particle case and then employs the
kinematical residue equation to generate higher-particle form factors. Yet, this procedure
does not always yield consistent results. In particular, as we will see, the nature of the
observables enters explicitly into the equations, which turn out to be not entirely operator-
independent. In fact, the locality property of the observable plays a crucial role. This
is further confirmed by the fact that our derivation was explicitly carried out for a local
operator within the LSZ formalism.

3.1.2 The Karowski-Weisz Construction

The first step in the construction of form factors consists in solving the Watson’s equation
in the lowest-particle number case, i.e. the 2-particle one. The method was developed in
the foundational paper [6] and we are now going to review it here. We are dealing with
a diagonal S-matrix without bound-states and therefore the Watson’s equations (3.12)-
(3.20) in the case n = 2 simplify to

FP(0) = S(0)FY (—0), FY (im — 0) = Fy (im +0) . (3.28)

Now, from [6] we state the following theorem
Theorem (Karowski and Weisz) :

If FP is meromorphic in the physical strip 0 < Im(0) < 7 with possible poles (or
zeros) only in the imaginary axis and FY = O(expexp |0]) for Re(§) — oo, the solutions
of (3.28) are uniquely determined by the poles at 6 = iy, (and zeros) up to a normalisation
constant. They can be written as

Fy(0) = K3 (0) Fuuin(0) , (3.29)

where the minimal solution of (3.28) (with Fy,(im) = 1) has no poles (and zeros)
in the physical strip and KS(0) is a solution of
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K$(0) = K$(—0) = K5 (2mi +6) . (3.30)

Notice that for interacting theories generally S(0) = —1 and therefore the braiding
equation in (3.29) forces the minimal form factor (MFF) F,;,(0) to have a zero at the
2-particle threshold:

Fam(@) ~0, 6 —50. (3.31)

Having no poles or zero in the physical strip this object constitutes the first funda-
mental piece from which a complete solution is built. Indeed the first step is always to
find it, by solving the equations

Fmin(é’) = S(Q)me(—e) = Fmin(Qﬂ'i - 9) . (332)

Note that the first equality in (3.32) define a Riemann-Hilbert problem for the corre-
sponding function, with S(#) playing the role of “jump function” [176]. This can be used
to explicitly write the solution as an integral representation involving the logarithm of
the jump function and it is precisely how we are going to prove (3.29): we will solve the
Riemann-Hilbert problem fixing uniquely the MFF from the knowledge of the S-matrix.
Instead the remaining factors K$ () satisfy Watson’s equations but with S = 1 and there-
fore they are completely symmetric functions in rapidity variables with period 27i. As
the minimal part does not possess any pole they must have all the physical poles expected
for the form factors.

Let iy, ...,z be the location of the poles of Fy’(#) in the physical strip and

L -1
1 1
K3 (#) = const inh = (0 — iay) sinh - (0 — i .
5 (0) = cons g[sm 2( i) sin 2( zozk)] : (3.33)

which solves (3.30). Then Fi,(0) = FP(0)/K$ () is analytic in the physical strip
0 < Im(#) < 7 and satisfies (3.32). Hence, by Cauchy’s theorem,

0 1 log Fin(2)
—log Fyin(0) = — | ———"—dz. 3.34
20 % (6) 8mi J;; sinh® 1(z — 0) : (3:34)

Here C' is a contour enclosing the strip 0 < Im(#) < 27 as shown in Fig. 3.6.

— R+2ir 257 R+2in
_________ i;-____-___‘_
physical
stre
0 P >
-R R Re(6)

Figure 3.6: The contour C' in equation (3.34).
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The denominator sinh® 1(z — ) has double poles at z = 6 + 2min (n € N). For > 0
only the pole at z = @ falls within the contour. Then, by Cauchy’s residue theorem, we
obtain the derivative on the lLh.s. Let us examine this construction better. Because of
the equations (3.32), we have certain asymptotic properties the form factor must satisfy.
If the S-matrix tends to a constant in the high energy limit § — oo, then we must have
Fiin(0) = O(expexp|d]) for Re(f) — co. This technical assumption is already contained
in Karowski and Weisz’s theorem and notice that a similar assumption was also used
in Chapter 1 to fix completely the S-matrix of subsection 1.4.2 (not coincidentally this
strategy was taken from another paper by the same authors). This is very important
when computing the integral along the contour above. We can divide the contour C' in in
four pieces: C'= C + Cs + C3 + Cy. Given z = x + iy we have:

e two horizontal segments: C) = {z: —R<x < R}and C5 = {z + 2ir : —R <z < R};
e two vertical segments: Cy = {R+1y:0<y <2r}andCy = {—R+1y:0 <y < 27},

with C oriented counterclockwise. So, our integral can be written also as

R -R 2 0
f dzw(z) = J dx w(zx) +J dx w(x + 27i) —H’f dyw(R +1y) —H’f dyw(—R+1y),
C —-R R 0 27
(3.35)
with
log Fin(2)
w(z) = ———5 .
8misinh” 5(z — 0)
The idea is that, if w(z) decays fast enough for large R, we can discard the vertical
contributions. That is by the estimation lemma we can write

f@ dzw(z)

and similarly for the integral along C. For our function w(z) we have that

(3.36)

27
<.f dy [w(R +iy)| — 0, (3.37)

0 R—00

IOg Fmin(R + Zy)
sinh® L(R — 0 + iy)

o) | 0, (3.38)

because the MFF has the asymptotic behavior described above. Therefore, the integral
is given by the sum of the horizontal contributions. These contributions are related to
each other by the form factor equations (3.32) giving

1 log Finin(2) p 1 (* dx 1 Fain()
— | —5——=dz = — 0
87 Jo sinh® L(z — 0) 871 )y sinhZ 1z — 0) > Fouin(e + 2770)
1 [* logs
1 J ogSx) .

87i J_o sinh® $(z—6)

(3.39)

which therefore provides a representation of the derivative of the MFF in terms of
the scattering matrix. This exactly what we wanted, i.e. we uniquely fixed the mini-
mal solution Fy,;,(0) from the S-matrix. In addition, if the S-matrix admits an integral
representation

© dt to

17T

i5(6) = log 5(0) J

0
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that is, we can write it as a Fourier sine-transform, then we can obtain straight away
a similar representation for the MFF:

10(9) = log Fmin(g) - JOO @ﬂs i ﬁ (341)

in .
o ¢t sinht 2m

Notice that this derivation is very similar to the one (not coincidentally by the same
authors) used to completely fix the diagonal elements of the S-matrix of the sine-Gordon
model (1.79).

3.1.3 Form Factors and Locality

Having fixed the MFF, we are led to the task of computing “the rest”. Already at the
level of the 2-particle form factors, we saw from the Karowski—Weisz construction (3.29)
that the pole structure is entirely conveyed into the symmetric function K satisfying
(3.30). Since the MFF does not contain any poles and its determination depends only on
the S-matrix (3.39), these functions must carry all the information about the observable
we wish to compute, and therefore their determination is the natural next step. Recall
that, by construction?, there must be a simple pole at 6;; = i arising from three-particle
clusters that reach a kinematical configuration equivalent to a single particle (3.27). In
other words, these processes correspond to the crossing channels of the S-matrix (see Fig.
3.5). Therefore, all the poles of the form factors are determined by the scattering theory
itself and do not depend on the operator. But then, how can we identify the operator for
which we are computing the form factors? A first and very strong indication comes, as
always, from locality. Indeed, not all operators in a given theory are “ strictly local .

We already defined locality as an axiom (1.8) in Chapter 1. Our definition expressed
the usual notion that operators localised at different positions should not interfere in the
dynamics, i.e. we want our theory to fulfill causality. However, when considering more
than one field, it is natural to ask whether they preserve this property with respect to each
other. This leads to the notion of mutual locality: two fields O; and O,, are said to be
mutually local if

[O1(2),02(2")] =0 (bosons), {O1(x),09(2")} =0 (fermions), (3.42)

for space-like separation. Thus, mutual locality is a relative notion: it expresses the
compatibility of two fields with each other under the principle of causality (depending on
statistics). But in two-dimensional quantum field theories the situation is special: besides
the usual Bose and Fermi statistics, one can consistently realise generalised statistics,
such as parastatistics and braid (anyon-like) statistics, due to the non-trivial topology of
particle exchanges in 1 4+ 1-dimensions: we can introduce the concept of semi-locality.
Considering an index w; 2, we call two fields O; and O, semi-local with respect to each
other if

O1(x)0y(x") = (=1)/112 ¢72mw120=2") O, (1) Oy () , r# (3.43)

or

O1(2)Os(2') = (=1)172 2m1w120E"=2) O, (4O, (1), x#a. (3.44)

2As already stressed previously, we are considering only diagonal theories without bound states.

70



Here f; € {0,1} is the fermion number of the operator O;, and © is the Heaviside
step function. This phase factor encodes the semi-local commutation rules: circling one
operator around the other produces a nontrivial monodromy proportional to wj 2.

We can get some further intuition of this concept from Feynman’s path integral for-
mulation of QFT [177]. Returning to the standard Minkowski signature, time-ordered
vacuum expectation values can be expressed via the path integral:

(vaclOr (@1, 1) - - - O, £) [ vac) — fd(b A ]‘[ o ), (3.45)

so the semi-locality condition implies, for any operator insertions at times different from
Zero:

lim |[d®] A2l ( Oy (2,6)0s(/,0) - - - ) (3.46)

e—0t

— 22 OG0 fim | [d0] 0 (- Oy (@, =) 05/, 0) -+ ).
e—0

The choice of + signs is consistent with the orientation of the spatial axis, and the result

holds for bosonic as well as fermionic fields. Using the standard prescription for time

ordering, we can analytically continue to imaginary time, replacing ¢ — —ie:

lim | [d®] e ( - O1(x, —ie)Os (2, 0) - ) (3.47)

e—0t

= F2miw120EE@ D) iy [ [dp] 4 ( .01 (x, —ie) Oy (2, 0) - )

e—0t

for x # x’. Tt is now convenient to define the functional integral
Flat) = f [d®] A1 (... O, (2, £)05(0,0) - - - ), (3.48)

and analytically continue the time variable ¢ from a space-like region |z| > [t| to purely
imaginary time ¢ — —i7. Notice that in imaginary time the distance between two opera-
tors is always space-like. While the action A[®] defines local displacements of fields via
the equations of motion, semi-locality shows that moving a field around a point along a
closed path can generate a nontrivial phase. In fact, introducing complex coordinates

Z =T +iT, Z=ux—1irT, (3.49)
the operator F' then exhibits a monodromy when rotated around the origin:
F(e™z,e %) = *M2 Pz, 7), (3.50)
a:0—-27

indicating that the function F'(z, Z) naturally lives on a branched cover of the complex
plane, with a branch cut along R* or R~ according to (3.47). By “local displacements”, we
mean its continuation through that cut, defined as the finite limit of its normal derivative
(given by the equations of motion) as we approach the cut; in other words, we consider
its value on a covering of the Euclidean plane with a branch point at (0,0).

In Euclidean signature, the path integral representation of correlation functions be-
comes
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(0,0)
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Figure 3.7: Branch-cut generated by the insertion of the U(1) twist field at the origin.

J[dq)] GiAE[qD] ﬁ Of(l’k, Tk) . (351)

Taking ® to be a complex scalar field, the monodromy (3.50) can be realised concretely
by introducing a twist field T, associated to a global U(1) symmetry, ® — e¢*® (with
the electric charge set to ¢ = 1). Basically, this twist field corresponds to the insertion of
a source of magnetic field at the origin® (0, 0):

Jtd@]e‘AEmﬂ7i%0,O)II(?E(xh7%)::J‘ [d9] 4=l [ [OF (y, 7). (3.52)
k=1 Ca(w)

k=1

The name twist field comes precisely from this property: C4(w) denotes the quasi-
periodicity (literally a twisted boundary condition) constraint on the fields ® in the func-
tional integral, namely:

) o {CD(J:,O_) =Y O(z,07), >0, (3.53)

C :
Al0) =3 b 07) = Ba, 0%), r<0.

See Fig. 3.7 for a graphical representation. Operationally, the functional integral is
defined by removing the ray x > 0, evaluating the path integral with fixed boundary
conditions on the two sides of the cut so that (3.53) is satisfied, and then integrating over
all configurations on each side while keeping (3.53) enforced. It is then immediate that
the field 7% defined in this way has semi-locality index w with respect to the fundamental
field @, and semi-locality index 0 with respect to any U (1)-invariant field. Moreover, since
the Hamiltonian density h(z) has to be U(1)-invariant, 7Z is local with respect to it. As
a consequence, 7 can be inserted anywhere in the path integral without spoiling the
causal structure. Its correlation functions are independent of the shape of any cuts or
branch points in the Euclidean plane, up to global U(1) transformations of the fields that
the moving cut may cross.

Indeed, consider cutting not only along A : = > 0, but also along a path B starting
and ending on the line z > 0, thereby isolating a region bounded by B and by a segment

3The U(1) twist field can be viewed as inserting a magnetic charge (or twist defect) at the origin and
then, for consistency, one imagines a compensating charge placed at infinity; since it is at infinity, its
only effect is an overall normalisation of correlation functions, without altering their local properties.
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Figure 3.8: Deformed branch-cut.

C' < A. Fix configurations along all these cuts with the quasi-periodicity condition (3.53)
across A and with continuity across B, i.e.

(3.54)

(I)|C— = €2qu)|c+,
dlp- = P+ .

Integrating over all configurations on these cuts reproduces the functional integral
(3.52). In fact, placing a cut at B with a continuity condition and summing over its
configurations is equivalent to inserting a complete set of states, hence does not modify
the path integral. Renaming (3.52) as

Iy= J [d®] e A= [T OF (wr, 7). (3.55)
Ca(w) k=1

consider now the path B starting and ending on > 0, and let C' © A be the segment
of A enclosed by B (see Figure 3.8). Denoting by R the region bounded by B and C' and
by R¢ its complement, we can rewrite the functional integral as

In= f ([d(I)]R[dCD]RC> el TToP, (3.56)

with boundary conditions (3.54). Here the integration is meant as integration over fields
in R and R° with fixed boundary values, followed by integration over such boundary
values (which corresponds to the insertion of a complete set of states):

_ —Ap[®] —Ap[®] e E
e o[ ) [ 0 1)

Q| c=pa Dl g\ c=pa k
(3.57)
where pp, @ denote boundary values along B and A\C| respectively.
Since R is an isolated region, we can then make a U(1) transformation in it
B> =D, gz, 7) = {1 (w.7) & R, (3.58)
0 elsewhere.

such that Ap[®] = Ag[®] and [d®] = [d®], i.e. the action and the measure remain
invariant. After applying ® — & in R, the boundary conditions (3.54) become
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é o 27r7§wé
{ |B € |B+7 (3.59>

Dl = Plo+ .

Thus the discontinuity (twist) is “moved” from A\C' to B, while on C' we now have
continuity. Now the functional integral reads

Iy = f [d®] e = [TOF = Inoc, (3.60)
Cpuac)Ww) k

where Cp,(a\0)(w) denotes quasi-periodicity along B U (A\C') and continuity along C'. In
the end we have that

Ix = Ipoac). (3.61)

That is, the functional integral with the original cut A is equal to the one with the
deformed cut, up to a U(1) transformation inside the isolated region, which leaves the
action and the measure unchanged.

Actually it is even possible to remove the cut but in exchange we get the insertion
of the Noether current associated to the local U(1) transformation needed for “the re-
moval”. Consider the path integral (3.52) in the presence of the cut, and perform the
U(1) transformation ®(z) — e“®(x) only inside an infinite triangular region bounded
by:

1. the line A : > 0 (which coincides with the cut),
2. the line B: z = e [ > 0, and
3. infinity.

This triangular region (see Figure 3.9) can be taken, for instance, as lying above the cut
A. Because the transformation is a symmetry, the bulk action is invariant. However,
three modifications appear:

e a contribution on the boundary B coming from the kinetic (derivative) term in the
action,

e a modification of the boundary condition just above A, and

e a U(1) transformation of any fields that may be located inside the triangle.

Now, if we choose the parameter w of the U(1) transformation so that the boundary
condition just above A becomes equal to that just below A, the discontinuity of the fields
across the cut disappears. As a consequence, the path integral reduces to an ordinary
one, without cut, but with an insertion of a boundary contribution along B:

Og(0,0) = exp (QM'wJ dat j¥ €W> : (3.62)
B

where j¥ is the Noether current associated with the global U(1) invariance, and €,
selects the component of the current normal to B. An appropriate regularisation of the
exponential is of course required. It is now clear that the insertion that replaces the cut
is nothing but a Wilson line operator for the U(1) current: the exponential of the line

74



Triangular
Region

(0,0) A

Figure 3.9: Triangular region on which we are performing the U(1) transformation

P(x) > e“P(x).

integral of j” along B. Moving B across other fields implements a U(1) transformation
on them, while integrating the current along a closed loop L yields

exp | iw jg dat 3" €, |, (3.63)
L

which acts as a U(1) transformation on all fields enclosed by L. This establishes that
the operator Op can be equivalently described as a disorder operator implementing a
magnetic-type charge, or, more geometrically, as the insertion of a U(1) Wilson line in
the path integral.

As a concrete example, consider the free Majorana (Ising) theory with Z, symmetry
1 — —1). One can define a twist field o such that the Euclidean correlator

(vac|a(0,0) ¢ (x, 7)v(z', 7")|vac) (3.64)

solves the Euclidean equations of motion on a double cover of the plane branched at the
origin. Circling the branch point once changes the sign of the fields, reflecting the semi-
local nature of o [178, 179, 180].

As we just saw, the distinction between local and semi-local fields originates from the
principle of locality, which requires commutativity (or graded commutativity) of observ-
ables at space-like separations, ensuring compatibility with relativistic causality. Semi-
local fields relax this requirement: they remain consistent with causality but develop non-
trivial exchange phases or branch-cut monodromies when taken around other operators.
Such behavior reflects the presence of distinct charge sectors that cannot be connected
by strictly local observables. In the examples considered here, these semi-local proper-
ties are realised through a global U(1) symmetry, or in the free Majorana (Ising) theory
through the Z, symmetry, where twist fields create excitations in superselection sectors
associated with the respective symmetry [20, 181]. In this way, semi-locality provides
a natural bridge to the operator-algebraic notion of superselection rules , which classify
the different sectors of a quantum field theory according to their locality and symmetry
properties.
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It is therefore clear that, depending on the locality property of a given observable, its
form factors will follow different consistency equations. In particular, the equations for the
form factors, which involve analytic continuations in the rapidity variables, are sensitive
to the monodromy imposed by the corresponding twist field. This is because continuing
a rapidity 6; by 27 in the complex plane corresponds to moving the operator associated
with that particle around the insertion point of O in Euclidean space. Hence, if O is
semi-local, this encircling picks up a non-trivial phase determined by the semi-locality
index wo. Hence, the n-particle form factor satisfies a generalised cyclicity condition:

FO(0) +2mi,0,...,0,) = y0FC 0y, ...,0,,61), (3.65)

where 7o = e?™@o is the so-called factor of local commutativity* first introduced in
[182]. Similarly, the kinematical pole equation, must also reflect the monodromy of the
operator:

RG‘SQ/:Q_H'W FT?_,’_Q(QI + 7;7T,9,(91, N ,Hn) =1 (1 — Y0 HS(QJ — 9)) F,?(Gl, . 76n) . (366)

=1

Thus, the semi-locality or locality of the operator directly controls the analytic struc-
ture and permutation properties of its form factors, ensuring that all monodromies and
residues are consistent with the operator’s symmetry and superselection sector.

It is important to stress again that the locality or semi-locality of an operator is not an
absolute property, but is defined relative to the fields considered fundamental in the theory.
In particular, the factor of local commutativity appearing in (3.65) and (3.66) is always
measured with respect to the fundamental field ®(z) associated with the particle creation
operators Z1(6). Concretely, consider the operator O(y) and the field ¢(z) associated
with the ZF particle creation operators Z1(f). The factor of local commutativity ¢ is
defined through the equal-time exchange relation

d(z)O(y) =2 O(y) ®(xz) for z'>¢y' and 2°=4°, (3.67)

where, formally, the fundamental field admits the mode expansion

B(z) ~ f a0 [ 20) 7 1 21(0) ). (3.68)

This relation makes it explicit that the notion of semi-locality is always measured rel-
ative to the fundamental excitations of the theory. As an example, for the order/disorder
operators in the Ising field theory, o and p, we have v,/,, = +1. However, 7o can be a
more general phase as it happens, for instance, in the Federbush model [49, 183, 184].
One can also have exchange relations more complicated than (3.67), where fields do not
simply pick up a phase but become different fields. For instance, this is what happens in
the case of branch point twist fields [185] which we will introduce later in the chapter to
try to investigate the entanglement properties of TT-deformed IQFTs.

A direct consequence is that equations (3.65) and (3.66) cannot be satisfied if this
factor is not included [183, 184]. In other words, the locality properties of the observables
enter explicitly into the form factor equations and their understanding is pivotal for the
computation of closed exact expressions for n-particle form factors.

4At times in the literature the factor of local commutativity is defined to be directly wo.
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3.1.4 Identifying the Operator Content

We have just seen that the form factor equations are not entirely operator-independent,
as one might have thought at first sight: locality properties play a crucial role. But is this
sufficient? In practice, it is often “almost sufficient”, in the sense that, if we assume that
the superselection sectors of the underlying CFT remain separated after introducing the
mass scale, then we already have a clear idea of which families of observables characterise
a given model. What is left, in such cases, is essentially to extract the numerical data that
confirm these expectations. The two standard consistency checks were already discussed
in Chapter 0, namely the c-theorem (0.73) and the A-sum rules (0.74). Before we can
identify which solutions correspond to which operators, however, we must first examine
more carefully equation (3.66) and the general structure of its solutions.

The most general solution of Watson equations (3.12) and (3.65) is given by

F2(0r, ... 0,) = HOKS (01, ..., 0,) [ [ Fain(0) (3.69)

i<j

where the H? are rapidity-independent constants while the remaining factors K9, as
we already saw in (3.30) for the 2-particle case, satisfy Watson equation but with S =1
and therefore they are completely symmetric and periodic functions in the variables 6;;
with period 2m:. With this property in mind we can consider them directly as functions
of cosh 6;;. Moreover, because the only poles present are the kinematical ones encapsuled
by the recursive eq. (3.66), we can directly parametrise them as

Qy (61, -, 0n)
D,(0y,...,6,)"

where the denominator D,, is a polynomial in cosh 6;; fixed only by the pole structure
of the S-matrix and Q¢ is another polynomial, the actual object that we need to compute
using (3.66), that completely specify the properties of the operator O. Being the K¢
symmetric under permutations of rapidities it is customary to introduce the variables
z; = €% so that both numerator and denominator in eq. (3.70) can be written in terms
of a basis of elementary symmetric polynomials in the new variables. Denoting the order
k elementary symmetric polynomial of n symbols as cr,(gn) (x1,...,2,), we can define them
as stemming from the generating function

K%(0y,...,0,) = (3.70)

n

ﬁx—l—x Z RICTR N (3.71)
=1

By convention, usually all J,(gn) with £ > n or n < 0 are zero. Explicitly we have

oy, ) =1, ., oy, m) = Z T Ty Ty - (3.72)

1<y <o <<t <n

Therefore the a,(cn) are homogeneous linear polynomials in x; of total degree k. The
polynomials Q9 of (3.70) are further constrained by the asymptotics of form factors. For
instance, if we consider the relativistic invariance property shown in (3.11), in the simple

case of a scalar operator we have
FOO,+A,....0,+A)=F°0,...,0,), (3.73)
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which implies the equality of the total degrees of numerator and denominator in (3.70).

Let us now turn to eq. (3.27). In the class of models under consideration, the kine-
matical residue equation encodes the presence of the only singularities of the form factors,
namely the kinematical poles. We may introduce a map K implementing the recursive
relation

FS, = KFP, (3.74)

which allows one to generate the entire hierarchy of solutions starting from an initial
datum at n = 1. All the form factor equations - (3.12), (3.20) and (3.74) - are linear in
nature. Consequently, for any fixed particle number n, their solutions form a linear space”.
Recall that at criticality the operator space of the CFT can be organised in terms of the
irreducible representations of the Virasoro algebra. Provided the relevant perturbation
does not mix different superselection sectors, one may then associate to each family of
primaries (at the conformal point) the vectors spanning these linear spaces.

However, some care is required: in fact, multiple solutions may correspond to the same
initial condition. Within these linear spaces one may find elements that belong to the
kernel of the operator K [26], namely functions F), such that

KF, = 0. (3.75)

Such functions do not carry any pole and hence satisfy the recursive equation in a
trivial manner; they are simply symmetric polynomials in the variables ;. The subspace
generated by these kernel solutions can be further classified by fixing the total and partial
degrees of the polynomials. Whenever the kernel is nontrivial, the most general solution
of the recursive equation at level n takes the form

F, = F, + ) aiFy,, (3.76)

where F), is a reference solution of the recursion. In this situation, operator identifi-
cation is achieved only once all the coefficients «; are fixed at every level n. Establishing
the isomorphism between the operator content of the CFT and that of its relevant per-
turbation thus requires an explicit counting of these solutions [28].

Up to this point our discussion has mostly concerned operators corresponding to pri-
maries of the underlying CFT. A natural question then arises: what about the descen-
dants? How are their form factors characterised within the same framework? Although
we will only touch upon this topic briefly, it is worth saying a few words for complete-
ness, since descendant operators also play a role in the full operator content of the the-
ory. The interested reader may consult the existing literature for a more detailed ac-
count [18, 26, 25, 91, 92, 170, 186, 27]. The descendant are obtained by boosting the
fundamental solutions, i.e. given the “space of form factors” P, we can decompose it as

P =PP,, (3.77)

where the FF F© € P, if O has spin s [170]. A boost on the rapidity variables is
realised by #; — 6; + ¢ and in the new basis we have r; — efx;. As already said the
elementary symmetric polynomials (3.71) are homogeneous in their variables and then
under a Lorentz boost they trasform as

®An operator O is uniquely determined once all its matrix elements F/© are specified.
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On(T1, ... xy) = e op(xy,. .., 2,). (3.78)

This means that given a form factor F© of an operator O of spin s that satisfies the
consistency equations, it is possible to define a new function in the “boosted space” P, ¢
which still satisfies Watson’s equations and it is given by

FO(xy, .. my) = IS (xy, .., 2)FO (@1, ..., x) (3.79)

provided that I} is composed out of elementary symmetric polynomials too. An addi-
tional constraint comes from the requirement of “invariance under the kinematical residue
equation”

[Z+2(_'xax7$la"'axn) = [2(1‘1,...,$n). (380)

In this way it is possible to make an ansatz (always in terms of symmetric polynomials)
that covers all the possible solutions for descendant fields. Eq. (3.79) endows the space of
matrix elements of local operators in an integrable massive theory with a natural grading
[187, 170]. Concretely, once an invariant polynomial I is specified, eq. (3.79) generates
the form factors of a new operator ). In analogy with the CFT terminology, it is there-
fore appropriate to interpret O as the descendant of the spinless field O. A particularly
interesting case arises when O is taken to be the trace of the stress-energy tensor: in this
case, the form factors obtained from eq. (3.79) can be identified with the matrix elements
of higher conserved currents. Remember that even the stress-energy tensor itself is not
a primary field, and its form factors can therefore be expressed in terms of those of a
scalar descendant operator. In particular, all components of 7}, can be reconstructed
from the form factors of its trace ©, which is directly related to the relevant primary field
defining the theory (0.58). The recursive equations then reduce the problem of fixing the
one- and two-particle form factors of ©; the latter is normalised by requiring consistency
with the definition of the total energy. By contrast, the one-particle form factor remains
undetermined, reflecting the intrinsic ambiguity in defining the stress-energy tensor.

Finally, while general methods for Vacuum Expectation Values (VEVs) are lacking,
exact results are available in specific models such as the Ising, sine-Gordon, Bullough—
Dodd, and certain RSOS theories [188, 189, 190]. In general, in IQFTs the vacuum
expectation value (VEV) of a local operator O(x) is determined by dimensional analysis.
If O has scaling dimension A, then

(O) o« m*2, (3.81)

where m is the mass scale of the theory. In particular, since the trace of the stress—energy
tensor © has A = 1, its VEV scales as (©) ~ m?.

To conclude this discussion of the operator content, we shall outline a set of standard
consistency checks that can be used to identify the physical observables corresponding to
a given solution of the form factor equations. Already in Chapter 0 we encountered two
fundamental consistency checks for integrable QFTs, namely the c-theorem (0.73) and
the A-sum rule (0.74). Through the spectral decomposition of 2-point functions (3.3),
these results can be expressed directly in terms of form factors. In addition, there are two
further selection rules that follow from the asymptotic behavior of form factors. Given
an observable O, one expects that [191]
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wl}rnoo FO(6,,...,0,) < const. e2olfil (3.82)

i.e. the UV growth of the matrix elements of a given scaling operator O of the
underlying CFT should be exponentially bounded in terms of its scaling dimension 2A°.
This is the so-called asymptotic bound. When the operator space splits into distinct
sectors associated with the internal symmetries of the model (i.e. the superselection
sectors previously discussed), this bound is often sufficient to single out the correct form
factor solutions [192]. In the absence of internal symmetries, for a relevant operator ®
with Ag < 1, one can also exploit the asymptotic factorisation property [192, 193, 26, 194]:

1
Jim E2 0+ A0+ N0, 000) = <(IT>F:I’(91, o 0)ER(Ory, ..., 0), (3.83)

where (@) denotes the vacuum expectation value.

3.2 Applying the Form Factor Bootstrap Program to
TT-deformed IQFTs

Up to this point, the discussion has been mainly concerned with the general framework
and the existing literature. We now turn to the original results obtained over the last
few years. The first stage of this program began in 2022 with a series of three pa-
pers [12, 14, 13|, in which we attempted to apply the Form Factor Bootstrap Program
(FFBP), in its standard formulation, to our particular “new” class of models. As already
emphasised in Chapter 1, the CDD-factors (1.56) were known since the earliest studies
of elastic S-matrices in 1+1-dimensions [67], but were systematically disregarded because
they were regarded as non-physical.” In the last few decades, however, the origin and
relevance of such CDD-factors has become much clearer, particularly in the context of
high-energy physics. In particular, the works [150, 106] established that the properties
of a 1+1-dimensional QFT perturbed by the irrelevant deformations presented in Chap-
ter 2 are under exceptionally good control. Remarkably, the TT-deformation can be

regarded as solvable, in the sense that physical observables of interest — such as the
finite-volume spectrum (see Eq. (2.39)), the S-matrix [150, 106, 135], and partition
functions [101, 115, 195] — can all be determined exactly in terms of their undeformed

counterparts. The property of solvability extends to the generalised TT-deformations,
obtained by perturbing an integrable QFT with composite operators constructed from
higher-spin conserved currents [107, 108]. Performing a (generalised) TT-deformation in
an integrable QFT is equivalent to modifying the two-body scattering matrix precisely
by such CDD factors, as shown in (2.43) [150, 106, 109, 110]. It is worth noting that we
were not the first to attempt the computation of correlation functions in TT-deformed
theories using the form factor approach. Indeed, already in [162|®, the FFBP was applied
in its massless variant [196].

In a massless theory, since the mass gap is zero, the unitarity and crossing cuts of the
S-matrix in the s-plane join at the origin, so that the Riemann surface splits into two

5Here we restrict to scalar operators.

"Here, the notion of physical is again related to the expectation of locality, which is generally assumed
to govern physical laws.

8This is, to the best of my knowledge, the first paper in which these CDD factors were rediscovered
after a long period of neglect since their last appearance in the literature.
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distinct parts and a new parametrisation is required [151, 197]. We have free massless
right- and left-movers that can only interact through a “boundary”. This parametrisation
also takes into account the fact that one needs to send m — 0 while keeping energy and
momentum finite. One then finds that by replacing 6 with 5 + §5/2 and taking the limits
m — 0, By — o in such a way that M = me®/? remains finite, the excitations can be
classified as right-movers, with p° = p! = %65 , and left-movers, with p° = —p! = %6*5 .

Notice that now the Mandelstam variable is s;; = M?2e% 5. In this context, namely
a TT-deformed massless boson (equivalently a Nambu-Goto string in light-cone gauge),
the CDD-factor turns out to be [162]

B(f) = M (3.84)

where ¢, is the string scale’. They therefore attempted to compute form factors,
starting from the MFF, which should still satisfy an equation like (3.32). The problem
is that the procedure discussed previously (see Subsection 3.1.2) does not seem to be
reproducible in this case, due to the poor convergence properties of this CDD-factor.
Again, this is a feature of a “non-local” theory in the sense of Hepp [68, 69]. These factors
are precisely the ones that Karowski and Weisz refused to include when formulating their
generalised version of Watson’s theorem (3.29). A possible solution to this problem will
be presented in Chapter 4. Therefore, the only available strategy is to attempt to guess
what a minimal solution of (3.32) could look like. In [162] they found the minimal solution

Fuin(f) = e M5, (3.85)

At large momenta this function decays extremely fast: it is a double exponential in
rapidity. However, it grows at the same rate when Im(/3) = 7. In the end, their conclu-
sion was that there was no reason to assume polynomial growth for the Q)-part of possible
form factor solutions, and they stated that, “at least in its standard form”, the technique
could not be used to determine form factors and hence off-shell observables. This is more
of a conjecture than an exact formal statement, but nevertheless a very convincing one,
especially in light of our previous discussion about locality and the way form factors are
built.

In our first three works we started from exactly the same “initial conditions™ we only
knew the S-matrix, without any certainty regarding the applicability of the FFBP. As
stated in the Preface, this remains an ongoing line of research and no definitive conclusions
can yet be drawn. Nevertheless, as we shall see, this initial effort provided valuable insights
and led to interesting results. We began by addressing the problem in the simplest possible
setting, namely the deformation of the Ising field theory, i.e. a theory of free massive
Majorana fermions [12]. We then showed how the results obtained in this case could be
extended to general diagonal theories without bound states [13], and finally we considered
the inclusion of branch point twist fields [14].

For simplicity, we are going to focus IQFTs with single particle spectrum. After a
single TT perturbation the scattering matrix Sy(6) is modified to

Sa(6) := Sy()e i sinho (3.86)

i.e. the simple @ = «; of the more general case (2.43). Written in terms of energy-
momentum vectors of the two scattering particles pib = m(cosh 6;,sinh 6;), with i = 1,2,

9In the literature the phase of the S-matrix is often taken positive while throughout our works we
always adopted the opposite notation as in (2.43).
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a>\ a=\ a <l

Figure 3.10: Different effect of the deformation on the scattering depending on the sign
of the coupling a.

the TT-deformation (3.86) reads exp[—iae"p.pi], where § = 6; — 6. Although this
exponential form is formally reminiscent of the pure scattering phases that can appear in
models with current-current interactions [50, 198, 184, where the effect of the interaction
is exhausted by a topological or charge-dependent phase, in the present case the phase
carries genuine kinematical information and cannot be absorbed into a constant redefini-
tion of asymptotic states. For simplicity, from now on we will take the mass scale m = 1.
This deformation introduce a very uncommon double-exponential dependence on the ra-
pidity that radically changes the S-matrix asymptotic behaviour and has a stark effect
on the theory’s RG flow. Generally speaking, whereas the IR regime is left unaltered by
the perturbation, in the short-distance limit the theory displays unusual features, which
are incompatible with the existence of a UV CFT'? [162, 163, 135|. This is in agreement
with the fact that the CDD factors (2.43) correspond to perturbations by irrelevant op-
erators, whose presence is not felt at large distances but is expected to severely alter the
properties of the UV. In a conventional, UV-complete IQFT the small R behaviour of
E(R) is dominated by a simple pole F(R) ~ —g= that signals the presence of a CFT with
central charge ¢ in the UV. As it has been shown in various works [106, 154, 202| (see also
Subsection 2.1.3 ), in TT-deformed theories there are two possible scenarios for small R
properties of F(R, a), depending to the sign of « in (3.86):

e for a > 0, from (2.42), we see that in the UV limit, the ground-state energy is finite
limg 0 E(R,a) = —ep(), implying that the theory possesses a finite amount of
degrees of freedom;

e for a < 0 a square-root branch point appears at R = R, ~ |a|™"/? > 0, signalling
the presence of a Hagedorn growth [81] of the density of states at high energy (see
Eq. (2.35)).

The GHD viewpoint [146] complements this picture, suggesting that the abnormal UV
limit of TT-deformed IQFTs can be imputed to point-like particles acquiring a positive or
negative size (i.e. free space is added), for @ > 0 and a < 0 respectively (see Fig. 3.10).
For what concerns the generalised TT-deformations with S-matrices given by (2.43), it
was shown [109] that they can only display the second of the above behaviours. In fact,
for S-matrices (2.43) with a finite set of couplings a, the standard TBA equations only

10The nature of the UV regime has also been explored in a careful analysis of the spectrum in TT-
deformed 2D Yang-Mills [199, 200, 201].
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make sense if the coupling with larger index s is negative ay; < 0. One possible way
to study the regime o > 0 is to employ the generalised TBA [203] approach. Note that
neither of the behaviours listed above is compatible with Wilson’s paradigm of local QFTs
[17]. For this reason — and thanks to their property of being solvable and controllable at
any energy scale — the generalised TT-deformed theories can be considered as a sensible
extension of the Wilsonian notion of a local QFT. Our work constitutes the first systematic

attempt (in the sense that it encompasses a large set of theories, fields and perturbations)
at computing the form factors of local and semi-local fields in generalised TT-perturbed
IQFTs. Although the following work focuses particularly on the Ising model some of
the key results are clearly more general and will be discussed immediately after. The
form factors and correlation functions of a theory with similar unusual features (the sinh-
Gordon model, with deformation ®, () = —1) were computed for the first time in [161],
and found to give rise to a number of problems, including non-covergent correlators and
form factors involving free parameters that could not be fully fixed. The present work
will allow us to understand similar issues in a much wider context.

3.2.1 Form Factors of the TT-deformed Ising Field Theory

Consider an IQFT with a single-particle spectrum and deformed S-matrix given by (2.43),
with m = 1. We can think of the n-particle form factor of a field O as defined as:

FO0y,...,0,: ) :=0]0(0)|64,...,0,]0), (3.87)

where we have now included a dependence on the deformation parameters. Assuming that
the form factor equations still hold for the fields of the perturbed theory, we should be able
to compute the quantities (3.87) by following the usual bootstrap program just introduced
in the first part of this chapter, taking as starting point the deformed S-matrix (2.43).
Therefore we can then use them as building blocks to construct correlation functions,
allowing in particular to study the short and long-distance limits of these correlation
functions and to understand how those limits are affected by the perturbation.

In the absence of bound states, the form factor equations for local and semi-local fields
in this theory should be, in principle, be written as

FOO1,...,05,0i1,...,000) = Sa(0; — 0:5 1) FC (01, ..., 0i41,0i,...,00;),  (3.88)

FS(Ql + 27T'L.,92 s 79naa> = VOFS(Q% s 79n791;a)7 (389>

and

(I;in;(é — O)VEC (0 +im,0,01,...,00;0) =i (1 — Yo 1_[ Sa (0 — Hj)) FO0,...,0,; ).
i i
(3.90)

In the standard form factor bootstrap reviewed earlier in this chapter, the two-particle
form factor FY’(6) is first factorised into an operator-dependent prefactor K$(6) (as de-
fined in (3.30)) and a universal minimal solution of Watson’s equations. The first step
is therefore to search for a MFF, i.e. a solution of (3.88) and (3.89) without poles in
the physical strip. Unfortunately the usual Karowski and Weisz procedure does not seem
here possible to pursue seeing the double exponential dependence in rapity of the CDD
factor itself that is stricly forbidden by the theorem (3.29). But as in [162], we can at

least guess what a minimal solution that solves the equation
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Fauin(0; @) = So(0) Froin(—0; @) = Froin (211 — 6; 1), (3.91)

should look like. Since the S-matrix is factorised as in (2.43), it is natural to make
the ansatz

Fmin(g; a) = Fmin(e; O)(p(ea a) ) (392)

where the function ¢(6; o) solves the equations
p(0; o) = 20 (0)p(—0; ) = p(27i — b 0) . (3.93)
It is easy to show that the simplest solution to (3.93) is

©(0; ) = exp [—w Z Qs sinh(s@)] . (3.94)

seS

Notice that this solution is precisely the correct one that reproduce (3.85) in the
massless limit. However, more generally, given a solution (3.94) it is always possible to
multiply it by a function of the following form

C(6;8) := exp [Z Bs cosh(sQ)] . (3.95)
SEZ

In [12] we named these functions “CDD-factor” of the minimal form factor itself because
it satisfies trivially the MFF equations. It is clear that we have some free parameters that
we are unable to fix and for now we will not consider the larger family of solutions gen-
erated by (3.95) focusing on the “minimal” solution which is necessary to solve the equa-
tions. Nevertheless, it is possible to give a physical interpretation for the factor C(6;3).
Remember in fact that, every CDD-factor coming from a generalised TT-deformation of
spin s is in one-to-one correspondence with a given conserved current defined by (2.1) and
(2.3). The terms a,sinh(s#) in the sum over s in (2.43) are the one-particle eingenvalues
of local conserved quantities of spin s. However, those one-particle eigenvalues are more
generically linear combinations of the form a sinh(sf) + f, cosh(sf). The fact that we can
always add a sum of terms [, cosh(sf) is a reflection of this “ambiguity" in our choice of
the conserved quantities. It also means that given a solution to the form factor equations
for a certain field for the choice 8 = 0, new solutions can be constructed by “switching
on" some of the parameters ;. These new solutions will correspond to the same field but
to a different perturbation. Although these additional factors do not affect the property
of minimal analyticity, since they introduce no extra singularities in the physical strip,
they do modify the asymptotic behaviour of the solution. This, however, should not be
regarded as unexpected: the starting point already involves an S-matrix that does not
satisfy the standard constraints underlying the Karowski-Weisz construction, and accord-
ingly the remaining part of the minimal form factor is not required to display the usual
asymptotic behaviour of a conventional MFF.

For the free boson (+) and free fermion (—) theories, with scattering matrices So(f) =
+1, the minimal form factors are

Fiu(0:0) = olf:),  Fyy(0:0) = —isinh S o(6: ). (3.96)
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The key observation is then that the function ¢(6; ) is common to all theories and
describes the universal way in which the minimal solution to the form factor equations is
modified by the presence of irrelevant perturbations. Before moving on, we remark that,
if S contains only odd spins, as we are going to assume henceforth, the function ¢ satisfies
the following identity that will be useful in subsequent computations:

w(0;a)p(0 + im; ) = A/ Pu(0) . (3.97)

Furthermore, with our normalisations
plima) = ¢(0;0) = 1. (3.98)

Solving the Kinematical Residue Equation

We now turn to the problem of computing higher particle form factors. Being this a
universal deformation, we expect this result to still be true at least for any interacting
diagonal theory without bound state, as we will see later.

Consider the form factor equations (3.88), (3.89) and (3.90) for higher particle form
factors of local or semi-local operators. Assuming there is a kinematic pole whenever any
two rapidities differ by i7w!'!, we can make the standard type of ansatz

Fiin(05; @)
© o) = HOQY . Zmin\Yij> X)
FO6y,...,0,;0) = HOQS (xl,...,xn,a)n ot (3.99)
1<j
where the functions Q9 (zy,. .., 7,; a) are symmetric and 27i-periodic functions of all
the variables x; := e%. As already discussed, they can be written in terms of a basis

of elementary symmetric polynomials in these variables. The symbols HS in (3.99) are
constants, independent of the rapidity variables. Plugging this ansatz into the kinematic
residue equation (3.90) we can reshape the left hand side into the following form

B Fmin 9@7
FT?_,'_2(0+Z.7T,9,01,...,671;(1) :H,?_FQQS_FQ(_j’)l‘axlw"7wn;a) 1_[ a:(_l_; )
1<i<j<n g J
. 11[ Foin (0 — 0 a)me(_G_ +im —0;; o) Fmin_(iw; ) | (3.100)
| N e Tt

where z = ¢’ and 0;; := 0; — 0;. Then the equation becomes

. 9—9 _ - Fmin(G—H-'a)Fmin(f%-i7r—9-‘a)

1 Hy\ Qo (— T = =

9_1—I>rél'—f n+2Qn+2( xr,r,Ty, , L ’Q)H (ZL'—FI'])(—[E-{-ZE])

=i (1 —yoﬂsa(e—ej)> HOQO (1, ..., 1, ). (3.101)
j=1

HU'Note that this is typically not the case for the two-particle form factor of the trace of the stress-energy
tensor © or more generally of any local fields (i.e. fields where y» = 1), since in this case the r.h.s. of the
kinematic residue equation (3.90) with n = 2 is vanishing. The kinematic pole in the two-particle form
factor is generally only present for symmetry fields, which sit at the origin of branch cuts in the complex
plane. However, for theories with a non-trivial S-matrix, kinematic residue poles will be present for the
higher particle form factors, even for local fields.
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where we used (3.98). Finally, noting that limg_,, 5%9 = —% and using the properties

(3.92), (3.97) and (3.98), we arrive at ’

Frin(0 — 0;0) Fruin (0 + im — 0,5 0)
>H :

2 2
Ly

71H +2Qn+2( Ly Ty L1y, Ty & —
j=1 *
(3.102)

H(I)a<9 - 9]')_% — o H(I)a(e - 9])%SO<9 - 0]) HSQS(‘/ED ceey T, a)
=1

J=1

We will now show how to find solutions to this equation for the TT-deformed Ising
field theory.

The form factors of the Ising field theory have been extensively studied in the literature
[178, 179]. In the so-called disordered phase, form factors and correlation functions of the
order (o) and disorder (u) fields were computed in [182, 180]. Around the same time, form
factors of descendant fields in the CFT sense where computed in [25] and shown to be
in one-to-one correspondence with the Virasoro irreducible representations characterising
the critical theory. The Ising field theory is a free fermion theory with scattering matrix
So(6) = —1, and Fy,(0;0) = —isinh 4. For this model, the set S of the spins of local
conserved quantities coincides with the odd positive integers

S={s=2n-1neZ"}. (3.103)

With these specifications, equation (3.102) simplifies to

- K
e HS , QY. o (— x,x,xl,...,xn;a)n :
1 n 1
[]‘[cp (0=0,)72 = yo(-1)" ] [ ®al - 9]-)5] HO Q% (xy, ... ,an;c),  (3.104)
that we can further split into two equations:

O . _ ,.n+l
mio(—x e, ) = @ H@-

x [H@a(e—ej)% )"
j=1

::]:

D, (0 —0)) %]Qo(xl,...,xn;a) (3.105)

j=1
and
HO. , =4 '""HS . (3.106)
The latter is easily solved
H2(2L _ 4n(n—1)i—n2 HéQ and HglJrl _ 4n2i_n(n+1)H10 : (3107>
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whereas the equation for the polynomials Q9 (1, ..., x,; @) requires some additional
input about the field O. Let us recall the field content of the Ising field theory (besides
the fermion itself) consists of the energy e, the spin o and the disorder yu fields. Their
form factors are well known

FE(6y,...,00,:0) =i Htanh ] . (61, 09001;0) =0, (3.108)
1<j
FS(61,...,000;0) =0, FZ ., (61,...,02,41;0) =i Htanh ] (3.109)
i<j
and
. .. 0
F5(60;0) = —zsmh§, Fro(64,...,60,;0)=0. (3.110)

In the Ising model, there is a Z, symmetry and the fields organise themselves into two
symmetry sectors. The energy € and the spin o fields both have 7. = 7, = 1 whereas the
field 1 has 7, = —1. Due to the symmetry the fields ¢ and p have only non-vanishing
even-particle form factors (more precisely, since € is a bilinear in the fermion field it
only has non-vanishing two-particle form factor) whereas o has only odd-particle ones.
The generalised TT-deformations do not break the Z, symmetry so these properties are
all preserved. Instead of focusing on the energy field itself, it is common to study the
properties of the trace of the stress-energy tensor © which is a field proportional to €. Its
form factors are very simple

0
FP(0;0) = —2misinh 7, F© ,(0,...,0,;0)=0. (3.111)

For dimensional reasons, the form factor above must be proportional to m? (recall
that we have set m = 1 throughout the paper). Consequently, in the massless limit
m — 0 all the form factors of © vanish identically, which is consistent with vanishing of
the stress-energy tensor trace in the CFT limit.

For © the equation (3.105) becomes

Q2®n+2(_'x7 Ty L1y, T2n; O{) =
2n 2n
Comad R .
= 2i2*" ™ sin (Z 5 (Z sinh s(6 — 0; >> 1_[ (2,)Q5, (21, . .., Ton; @) (3.112)
seS Jj=1 i=1
and
H, =47~V HY  with H = Fy . (3.113)

The equation (3.112) only holds for n > 0. Indeed, the operator © is special in that
its two-particle form factor has no kinematic pole while higher particle ones do. Hence,
we expect to have the standard normalisation F{ = 27 = FP(im; a). The two-particle
form factor should be generalisation of (3.111) with the standard form

Fmin(e; a)
Fom(im o)

FY(0; ) = 27 f(0; ) (3.114)

where the function f(6; ) is constrained by f(im; o) = f(0;0) = 1 and should be an
even, 2mi-periodic function of #. We will see later that consistency with higher particle
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solutions requires this function to be non-trivial. The equation (3.112) determines the
higher-particle form factors which, as the sine factor suggests, will all vanish for a; = 0,
in agreement with (3.111). For the field © we have v, = —1 and only even-particle form
factors. Then the equations (3.105, 3.107) become:

anJrQ(_x? Ty T1y---5T2n; a) =
2n 2n
= 2$2n+1 COoS (Z % <Z sinh 5(9 — 9]))) H($])an(x17 « vy Lon, a) (3115)
s€S j=1 j=1
and
HY =400 gl with HE = (e - (3.116)

where (1) = F}'(cx) is the vacuum expectation value of y, which may depend on «
in the deformed theory. In the case of the field o, we only have odd particle numbers and
a trivial factor of local commutativity 7, = 1, so we also get a cosine

gn+1(_'r7x7 Tiyeoos Ton+1, a) =
o 2n—1 2n—1
— 222" cos (Z 75 ( Z sinh s(0 — 9]-)>> H (2)Q%_1(T1, ..., Ton_1; )
seS j=1 j=1
and
HY, =A== D o with - HY = F2(a). (3.117)

Given the stark contrast (in behavior as functions of rapidity) between the MFF of the
IFT and (3.94), we are led to consider solutions to the form factor equations that factorise
into the unperturbed solutions times a function that depends on the deformation. This
factorisation is particularly natural for the Ising field theory, as we will see below. We
can write

(X1, Top; ) i= Db (x1,..., Ton; @) Ph (1, ..., x9y) (3.118)

where

2n
Db o=z, z,21, ..., &y ) = 208 (Z % (Z sinh s(6 — @-))) D5 (x1,... 2o @),
seS j=1
(3.119)

and
Ph oz, x,2, ... o) = x2"+10§i")P§‘n(x1, ey o) - (3.120)

The equations for the operator o are identical to (3.118 — 3.120) with 2n — 2n—1 and
so are the solutions. The equation (3.120) can be solved easily, starting with the cases

Py (—z,x) =aPY and P{(—x,z,3,) = 2°0, P/, (3.121)

and proceeding recursively. For instance
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Pf (w1, 29) = —i(03”)2 P, (3.122)

and so

Pl (—x,x,11,29) = i(a:Qxlxg)%Pé‘ = P(r1,19,23,24) = (af))%Pé‘. (3.123)

It is then easy to show that the general expressions are

Ph(x1, ..., %) = f”Q(Ugin))% IPS‘ ,
o n 2n+1 n
PGy (1, anen) = (—1)" (o5t D) P

Then, by requiring consistency with unperturbed solutions we can fix the constants
to P’ =1and P/ = i~"=1)_ The a-dependent part is solved by

(3.124)

2n
D5 (x1,... 2o ) = 2" Hcos (Z Z sinh(s6;;) ) : (3.125)
i=1

seS j=1

and

2n+1 2n+1
D3, 1 (x1,..., Top41;00) =27 H Cos (Z Z sinh(s6;;) ) . (3.126)

seS j=1

Putting everything together, the form factors of the disorder and order fields are

F5 (01, ..., 00 ) = i"()a, H coS (Z Z sinh(s6;;) )

seS 7j=1

Htanh Y p(0;5; ) . (3.127)

1<j

and

2n+1 2n+1
Fg o 1(01, ..., 00415 0) = i"FY () H cos <2 Z sinh(s6;;) )

seS j=1

<] tanh o(0;;: ) (3.128)

1<J

where we used the identities
'L n n— ‘91
T +x;) = r;x; 2cosh — ] — gn(@n=1)(;(2n)) 2= cosh =< .
J ] 27’L 2
1<i<j<2n 1<i<j<2n 1<i<j<2n
(3.129)

As we can see from the above expressions, the unperturbed solutions given in (3.108)
and (3.109) are correctly recovered in the e — 0 limit. Note that this factorisation
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property is model-independent. The sole exception is the field © in the Ising field theory.
In the case of ¢ and p, the deforming factor reads

Gn(b1,...,0,; Q) = Hcos (Z Z sinh(s6;;) ) ng i O (3.130)

seS j=1 i<j

The equation for the form factors of the trace of the stress-energy tensor suggests a
similar solution procedure as for ;1 and 0. However, a special feature of this field is that
it is local, hence its two-particle form factor has no kinematic pole, even if higher-particle
ones do. Since their kinematic pole residue is non-vanishing, according to (3.112), higher
particle form factors are non-vanishing in the TT-perturbed theory. Hence, we need to
solve (3.112) for n > 1. Comparing (3.112) with (3.115) and reviewing the solution to
(3.115) given by (3.127) it is clear that the simplest, consistent solution to the higher-
particle form factor equations will be of the form

FQGT)L(QI, oy Oops ) = Agp(a Hsm (Z Zsmh 50 ) Htanh —gp o), n>1

seS j=1 i<j

(3.131)
where As,(a) is a normalisation constant to be fixed later. Taking this solution and
writing the kinematic residue equation that relates the four-particle to the two-particle
form factor we get that the latter is given by

sin (Z % sinh(s@))

seS

FP(0; ) = —Ay(a) tanh ggp(ﬁ; ). (3.132)

This function has no pole at i, as required but, unless A4(c) is chosen carefully, it will
give zero when the parameters oy — 0. One naive way to deal with this is to choose
20 («x
—Ay(a) = 20(a). (3.133)
Qg
and then take the limit g to zero for each term on the sum over s, with s = s’ the spin
associated with the last limit taken. This limit then gives

/

lim lim Fy(0; ) = F5(6;0) = C(0)

ag—00,,s—0

0 0
tanh . (3.134)

sinh —
2

This result is problematic: not only it does not reproduce the correct form factor at a = 0
but is dependent on the order in which the parameters ay are taken to zero, a property
that seems quite unnatural. We must then conclude that the ansatz (3.131) is not the
correct solution to the form factor equations for n > 1. The question is then, how should
(3.131) be modified so that it is consistent with a two-particle form factor which has all
the correct properties? Given that the oscillatory part of the solution (3.131) is crucial for
the solution of the higher particle form factors, it seems that we must accept the presence
of an oscillatory part also in the two-particle form factor. We assume then the following
form

Fmin(e; OL)

FP (0 a) = 27Tf(9;a)Fmin(m- )

(3.135)

where f(0; &) is a function that satisfies
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flm a) = f(0;0) =1, (3.136)

as well as being symmetric and 2mi-periodic in 6. According to the discussion above,
it must also include the oscillatory factor in (3.131), specialised to n = 1. It is not too
difficult to realise that the function we need is

i % sinh(s6
f(0; ) = = <Zsei\2,sm (0)) coshg, (3.137)
D ses 5 sinh(s6) 2
which gives the two-particle form factor
sin (3,5 % sinh(s6))| 6
FP(0; ) = —2 s€5 2 h—p(0; ). 3.138
2 ( ,OC) Uy Zseg % sinh(s@) Sl 2()0( ,O() ( )

Comparing (3.138) to (3.132) we see that we need to modify the ansatz (3.131) so
as to produce the function (3.138). In order to do this, while still solving the higher-
particle form factor equations we need to find a function fo,(x1,. .., z2,; @) such that we
can multiply (3.131) by it, while still solving all equations. In other words, we need this
function to satisfy

f2n+2(—$7 Ly L1y -5 T2n; a) = f2n(I17 <oy Tons a) ) (3-139)
and
cosheé2

T [Saes & sinh(sby)]

A crucial observation to proceed is that the ratio of elementary symmetric polynomials

fo(w1, 22 ) (3.140)

(2n) _(2n)

01 "Og9pq

W, (3.141)
2n

solves (3.139). This is because under the reduction

(1,22, ..., Tapsa) — (—x, 2,21, ..., Tap)

the elementary symmetric polynomials behave as follows:

oD o o e ) and o o (314

In fact, any function of the ratio (3.140) will solve (3.139). Additionally, this facts will
still hold true if the elementary symmetric polynomials are taken to be functions of the
powers z rather than just z; = €. Let us then be slightly more general and denote as
02(725") the ith elementary symmetric polynomial of the 2n variables {e*%1, ..., e}, It is
a matter of simple algebra to verify that for any odd integer values of s, the function

(2n) _(2n)
Gon(T1, ..., Top; S) = % , (3.143)

2n,s

solves (3.139). We now proceed to write (3.140) in terms of these factors. For n = 1
we have that
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Go(21, 225 8) = ((;2;))2 = (682159:i;292)2 = 4 cosh® % (3.144)
so that
4 sinh? 80% = go(x1,29;8) — 4, (3.145)
and
\/gg(xl,xg; $)(g2(x1, 295 8) — 4) = 2| sinh(sby2)] . (3.146)

This is precisely the sort of factor we need in our two-particle form factor. In fact, in
order to have a consistent set of form factors, we need to multiply our solution (3.131) by
the function

2n 2n
o1 s,y

5@n)

2n
fgn(l‘l,...,l'zn;a) = s (3147)
2n 2n 2n 2n
Z As o-g,s )aénjl,s _ 4 UE,S )Jénjl,s
4 (2n) (2n)
seS 0-2”»5 0—2n,s
(2n) (2n

where 0, = o] ) and we set fo(a) = 1. For n = 1 this function correctly repro-
duces (3.140) and the two-particle form factor reduces to (3.138) with an appropriate
choice of normalisation. Note however that, strictly-speaking, there is a subtlety here.
The solution (3.147) only reproduces (3.140) if all the parameters «s have the same sign
when non- vanishing. This includes of course the case when only one parameter is non-
vanishing, such as the TT-perturbation, which is the case most commonly studied. The
reason for this restriction is that for n = 1 the square root in the denominator of (3.147)
gives (3.146) and so the denominator of (3.147) reduces to the absolute value of a sum of
absolute values of hyperbolic sine functions. This equals the denominator of (3.140), that
is the absolute value of the sum only when all «; are either non-positive or non-negative.

Let us then summarise what we found. All the form factors of the field ©, with the
standard normalisation Fy = Fy (i) = 27, are given by

2n 2n
[ sin (Z &) sinh(sé’ij)>
i=1 seS 7j=1

2 2 2 2 2
Z s U%,sn)o-énn—)l,s _ 4 Uénn)oé,sn)oénn—)l,s
2n 2n 2n 2n)
seS 4 oén,‘z 0-2n,,20-§ >Uén71

0,
X H tanh 7%0(9,-]»; a). (3.148)

1<j

F2®n(91,...,02n;a) = 2mii"

Note that, although the final formula contains a-dependence both in the numerator
and denominator, it is easy to see 5 (61, ...,05,;0) = 0 for n > 1.
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A First Look at the Asymptotics

Having found some solutions we can now try to study some of their features. Consider a
generic field O. We are going to employ the form factors found in the previous section
to write the cumulant expansion of the two-point function. For fields with non-vanishing
VEV we can write

O0)O(r)a _ ZOO .
IOg W = & c?(r, a) s (3149)
O

where ¢ (r; o) are the cumulants,

1 [ df > do :
C?(T; a) = J . J Jeing:lcos}leih?(el? s 79£;a)

nJ o o 27

1 (® doy [* b,
_ 1 _1J L (rd )R By, 01, 05 ). (3.150)
wll )_, 27 i

—00

Here we introduced the notation

—1 2 1 2
dy = (2 cosh 0; + 1) — (Z sinh 6i> , (3.151)
j=1

Jj=1

and Koy(x) is the modified Bessel function. The second line of (3.150) follows from
integration of one rapidity variable, since the functions h,({0;}; &) depend on rapidity
differences only. This expression for the cumulants can be found in many places, for
instance [204]. In the Ising model, due to Zs symmetry, we usually have either even- or
odd-particle cumulants only. For instance for the field p

(uya b (01,09, ) = |FJ (61,05 ), (3.152)
()l (01,05,05,050) i= (ualFY (01,02, 05,045 )| — | FJ (61, 6; @) P F3' (63, 64 )
—|F3 (61, 033 @) [*| F' (0, 045 @)

— |5 (01, 045 @) [P FJ' (63, 05; ), (3.153)

whereas for © we just need to replace p — © and (@) — 2. For the field o on the
other hand, only the odd cumulants are not vanishing, the first two of which are

hi(0; ) = 1, (3.154)
[FY () °h5 (01, 02, 0350) := |FT (@)[*|F5 (61, 62, 05 0)* — [ FY (@)|°. (3.155)

Note that, since the 1-point function of o vanishes, the normalisation in the cumulant
expansion (3.149) should be replaced by the norm squared of the one-particle form factor

e T Da _ N1 o0
log Frla) 521 7(r;ar) . (3.156)

Under a generalised TT-perturbation, a free theory will cease to be such, in the sense
that many of the nice properties free theories enjoy — such as a trivial S-matrix — are
lost to the deformation. In particular, the cumulant expansion does not simplify in any
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obvious way, a fact which is well-known to happen for the Ising fields in the usual free
model [182] and on its replica version, studied in the context of entanglement measures
(seei.e. [205, 206]). These simplifications are generally due to the Pfaffian structure of the
form factors that follows from Wick’s theorem in free theories. Such properties no longer
hold in generalised TT-perturbations. Instead, as far as we can see, with our form factor
solutions, there is no simple closed general expression for the cumulants. It is however
interesting to write down at least the lower ones. As we shall see, they exhibit interesting
properties, some of which will extend to the whole cumulant expansion. Let us look at
the lower-particle contributions to the expansion for the fields © and p. For the field p
we have

1 (* d91 *© dQQ 912 012 «
Moo, _ —2r cosh =12 cosh -12 2 s .
(o) = 2[_@ o J_OO 5. € 2 2 coS (E 5 smh(3912)>
seS

asbiy . 0
X H ¢ 52 sinh(s612) a1y ; : (3.157)
seS

As usual, one integral can be carried out by introducing new variables x = 61 and
y = 015 := 01 + 05, so the cumulant becomes

1 © s QasT _:
Ara) = el dx Ky(2r cosh g) cos® (Z % sinh(sx)) g e r sh(s?) fanh? % .

seS
(3.158)
A very similar behaviour is found in the first cumulant contribution to the two-point
function of ©. Following the same steps, we arrive at

2
1 (” i 2 sinh o
(ra) = — dx Ko(2r cosh z) o (ZSES 2 'sm (SI» H g5 sinh(s2) g2 T
Ar2 ) _ 2 D ses 5 sinh(sx) s 2
(3.159)

Regarding the convergence of the integrals (3.158) and (3.159) it is easy to see that this
is determined by the exponential factor and, in particular, by the sign of the parameter ¢«
where s* is the largest spin which is present in the product of exponentials. If a g« > 0 the
integral is divergent, whereas the opposite is true for ag« < 0. Notice that this fact echoes
what was mentioned in the introduction: the TBA for generalised TT deformations with
more than 1 coupling are only well defined if o+ < 0. We must mention however, that the
asymptotics of these expressions and higher terms in the form factor expansion is much
less trivial when the set of spins s involved in the products above is infinite, as it will now
depend on the analytic properties of the resummation of the product of exponentials. For
the purposes of this paper and in order to avoid such subtleties, we will always assume that
we are considering a finite set of non-vanishing couplings, even if the total set § is infinite.

Let us now focus on the standard TT perturbation corresponding to having a single
non-vanishing parameter oy := «. According to the picture put forward in [146| the
a > 0 regime corresponds to a theory whose UV physics is characterised by objects of
finite length. It is then not surprising that short distances cannot be probed and that in
this limit the two-point function should diverge. At the TBA level [106] this finite length
leads to a finite ground state energy.
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In fact, for a > 0, even the IR limit can be problematic, if we also probe high momenta.
In this case we will again encounter this finite length (I = 4/«), leading to a divergent
form factor expansion. In other words, there is no local QFT describing the deep UV
limit of the theory and if we try to probe this theory by approaching either small values
of r for any momenta, or large values of  and high momenta we always find a divergence.
For large momenta, we can even estimate a characteristic scale or cut-off — a function of
r/a — at which this divergence dominates as we now show.

If we take the two-particle cumulant of ;1 and expand the Bessel function at leading
order for large r we find

1 T (* dx « v ax g x
chr>1l;a>0)~ —4 /—J —— cos® <— sinh:z:) e 2reoshp oo sinhw panh? =
2( ) 4w\ 2r J_y y/cosh 2 2 2
(3.160)
Convergence of the integral is determined by the balance between the two terms in

the exponent. While for @ < 0 the exponent is negative and the exponential rapidly
decreasing, for o > 0 the integral is convergent for as long as

orcosh = > “Lsinha. (3.161)
2 T
In other words, there exist a maximum allowed rapidity x, solution of the equation
wr x
— =xsinh —. 3.162
o =asinhg ( )
For x » 0 we can approximate the sinh by an exponential, arriving at
Tr T o
= Zen . 3.163
= 5e (3.163)

The solutions to the equation above are known in the literature as Lambert W-function
Wi (z) for k € Z. This is a multi-valued function, hence the index k. For real values of «
and = > 0 the correct branch of the solution is the principal one # = 2Wy(7r/a). This
scales as

Wy(a) ~a for a«1l, and Wy(a) ~loga for a>1. (3.164)

Quite naturally, the cut-off depends on the ratio of the two independent scales in the
system r/a. If r is large compared to « this cut-off will be very large as well since the
finite length of the fundamental excitation is not seen, even for large momenta. However,
if v is large compared to r the particles’ finite length is probed for momenta that are
not necessarily large and the cumulant expansion can only be made convergent by the
introduction of the rapidity cut-off

A =2Wy(mr/a). (3.165)

The fact that Lambert’s W-function plays a role is rather suggestive given that it
features in a variety of problems, many of which are intuitively connected to the physics
of TT perturbations (see [207] for a review). For instance, a key application is to delay
problems which are similar in spirit to the “delay” induced by the phase-shift ®,(f) and
by the finite length of the rods, that best describe the effect of the TT perturbation in the
GHD context. The Lambert function also features directly in previous discussions of TT
perturbations, such as in [146] where it enters the formula for the free energy in a hard-
rod model, in the solutions of JT gravity [135, 208] and in [98| as the explicit inversion
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of the classical flow equation for the deformed Lagrangian. Although the characteristic
momentum cut-off (3.165) is obtained from the two-particle contribution, the qualitative
picture presented here should extend to higher-particle terms. It is indeed possible to
write a simple argument showing this. Consider the definition (3.150) in the large r limit.
Expanding the Bessel function, for large r, all cumulants will include an r-dependent
exponential of the form e~"% with d, defined in (3.151). Suppose that one of the rapidities
is very large, say 6; » 1 and 6, » 6;.,. Then, coshf,,sinh6; are also much larger than
cosh#;.; and sinh#,.;. By neglecting these terms in the definition of d,, we have the
approximation

el o gm2reosh G gy Oy > 1,0, > ;.. (3.166)
The cumulant will also contain the factor
&sinhe-' = 9 inh 6; —%sinhel
1_[ e ”Hew ixe : (3.167)
1<i<j<t—1 i=1

where the approximation is made under the same assumptions as above. Then the two
exponentials can be compared just as for the two-particle cumulant and a similar cut-off
A — with « replaced by fa — can be found.

Following the analysis of [146], for o < 0 we are now dealing with a theory of particles
having a “negative” length. From the viewpoint of correlation functions, both the UV
and IR regimes can be probed without any issues at all. In fact, the form factor series is
more rapidly convergent for o < 0 than for av = 0 since the minimal form factor typically
decays much faster for large rapidities than any other function in the integrand. We have
that, for all cumulants in (3.150)

lim h$(0y,...,050a) =0 Vika<0. (3.168)

91'—>OO

For many theories, the statement above also holds at @ = 0 but the Ising model is an
exception to this rule since the cumulants of u, o and © all either diverge exponentially
(©) or tend to a constant (u and o) for large rapidities.

Now that (3.168) holds, we can safely expand the Bessel functions Ky(2rdy) in (3.150)
for small r in order to investigate the UV scaling of correlators,

Ko(rdy) = —logr —~v +1log2 —log dy . (3.169)

We find that the leading contributions to the cumulant expansion at short distances are
all proportional to a factor logr. This implies a power-law scaling of the correlators,
just as one would expect if the UV limit was a CFT. This is an interesting though
unexpected result, given that we know a TT-deformed theory is not supposed to have
a UV fixed point in the standard sense. These results suggest that for large energies,
the TT deformation does have properties that are reminiscent of critical systems. In
other words, two-point functions will still scale as power-laws r~42%(@) at short distances,
with exponent z9(a) < A® — for a < 0 — where A9 is the UV dimension of the field
in the unperturbed theory. We also see that z9(a) — 0 for —a — c. The IR limit
is straightforwardly analysed as well, with two-point functions decaying exponentially at
large distances, faster than in the undeformed theory. In the deep IR the theory will still
be trivial, as dictated by the presence of a mass scale.

For the two-particle cumulants, the leading UV (r « 1) contributions are

1 w0 ar
Ar<la<0)=~ 08T f dzx cos® <% sinh :E) eTSmhItanhQE = —4z5(a)logr,

CAx? )
(3.170)
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and similarly

logr [* sin(2 sinh ) ]? ae ..
relia<0)~ —— do | —2——"2| e 5% .— _425(a)logr. (3.171
i« via <0~ g5 [ e | ERO) 5()logr. (3171

The cumulants of the energy field £ which is related to the © by © = 27rme are identical
to those of ©® when m = 1, however, unlike ©, ¢ is a primary field in CFT and should
scale as 1/r? in the short-distance limit for &« = 0 (whereas © vanishes in the CFT limit).
It is thus more interesting to consider the short-distance scaling of € than that of ©.

Due to the exponential terms, the integrals in (3.170) and (3.171) cannot be computed
analytically but they can be evaluated numerically and the results are shown in Fig. 3.11.
These indicate that the short-distance scaling of the two-point function will now be de-
pendent on «. Note that it is not possible to extrapolate these contributions to a = 0
because the integral is not convergent in this case (see [182]|). This sharp change in the
behaviour of z5"°(«) is a special feature of the Ising model.
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Figure 3.11: The functions 24 («) and z5(«). In the unperturbed Ising model we have
that the two-point functions scale exactly as r~7 and r~2 for 1 and e respectively so that
#5(0) = 15 and 25(0) = 3. From the two-particle contributions, it seems that there is still
power-law scaling at short distances but the decay becomes faster the larger is —a. Note

that the definitions (3.170) and (3.171) of z4'(«) and z5(«) are not valid at « = 0: there
is a sharp change at o = 0 which is a peculiar feature of the Ising model.

Standard Consistency Checks

We can also try to apply the two consistency checks : the A-sum rule (0.74) and Zamolod-
chikov’s c-theorem (0.73). Once more we limit our consideration to the simplest case of the
TT deformation. Consider the field . After integrating in 7 and in one of the rapidities,
from (0.74) and (3.3) we obtain the exact formula

tanh?

T
cosh 5

sin(a sinh z) plwsinhs (3.172)

v IR 1 i
FM(O{) = AM — AM = E J;oo dzx

asinh x

For o = 0 the integral can be computed exactly and we obtain the expected CFT value
A, = % while for v < 0 we can only integrate numerically. We find that F'(«) tends to
zero for —a — o0. The decay is extremely fast and can be best seen when plotting against
log(—a), as in Fig. 3.12 (left). The behaviours at small and large —« are exactly what we
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would expect from the general picture developed in the analysis of the cumulants, thus
the results of the A-sum rule are compatible with the general picture of power-law scaling
at short distances.
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Figure 3.12: The functions F'(«) and c¢(a). They both tend to zero for large —a and
to their exact values in the unperturbed theory for o = 0: F(0) = 1z = 0.0625 and
cla) =1=05

In the same way we can study Zamolodchikov’s c-function. From (0.73) and (3.3),
integrating once again in r and in one rapidity, we obtain the formula

e 2 2
((a) = VY — (IR & §f+°° i lsm(§ smhx)] tanh
s

Lxsinhx
G 3.173
8 0 € Y ( )

in the two-particle approximation. For av = 0 we obtain the usual value ¢ = 1/2 while
c(a) > 0 for &« — —oo. The decay to zero as —« is increased is very fast and best seen in
logarithmic scale, as shown in Fig. 3.12 (right).

3.2.2 The Factorisation Property

The fact that we can consider factorised solutions, like we did in (3.118) in the case of the
TT-deformed Ising model, it is actually more general [13]. For any IQFT with diagonal
scattering matrix and a single-particle spectrum, we can always find solutions with the
general structure

FO0,....00:a) =F°01,...,0,;0)Y9(0y,...,0,; ), (3.174)

with Y9(0y,...,0,; a) a non-trivial function of a and T(0y,...,0,;0) = 1. Here, as
we did for the Ising field theory, we will restrict ourselves to the case 3 = 0.

The function Y9(6;, ..., 0,; &) can be computed by plugging (3.174) into the standard
ansatz (3.99). This gives rise to the following equations

H* = HYH> Fain(0; @) = Fuin(0;0)0(0; ) | (3.175)

or equivalently
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TO(0y,...,00;0) = HEOC (6, ....0 Hgo . (3.177)

1<j

The quantities H2, Q9 (0, ..., 0,;0) and F,,;,(0;0) are supposed to satisfy the axioms
for the undeformed theory, Wthh means

HO =0%(6,,...,0,;0) = p(0;0) =1. (3.178)

Imposing the form factor equations for the deformed theory we recover the equations

p(0; ) = 20 (0)p(—0; ) = p(2mi — b; 1) | (3.179)
which have already been solved to (3.94), and'?

_ 1_701_[@:1 Sa(e_ej)
limTf 0+ mi,0,01,...,0,;a) = -
bim T ' =1 Yo I Tj—1 So(0 — 0;)

This equation in turn splits into

TO6y,...,0,;a) . (3.180)

ne2 = Mo s (3.181)

OF,5(0 +im,0,01, ... ,0,;0) =S, (0= 01,....0 — 0,;70) O (61, .0 cx) ,  (3.182)
where we introduced the quantity

HJ 1 Sa(0 )I/Z_VOH] 15(3)1/2
H]:1 So(0;)~ 12 — 90 Hj:l Sol ])1
Notice that as a consequence of the unitarity So(—60) = So(6)~! and crossing sym-

metry S, (im — 0) = S4(0) of the S-matrix, the function (3.183) satisfies the following
properties

Sn(01,...,00;70) = (3.183)

Sn (1 tim, ..., 0, tim;70) =Sy (61, -.-,00370") (3.184)

Snie (8,8 tim, 01,...,00;70) =S, (b1, ..., 00;70) (3.185)

which will be useful momentarily. The recursion (3.181) for the constant is trivially
solved

HE =1, (3.186)

while the equation (3.182) for © requires some more effort, especially for a general
undeformed S-matrix. Let us give here the solution

12Note that if yo = 1 and S(6) = 1, the equation for Y would involve division by zero. Extra care is
needed in those cases.
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and check that it indeed solves equation (3.182). The left-hand-side is given by the
product of the following three expressions

\/Sn+2(o,m,mm—el,...,mm 0riv6Y) = v/Su(0— 01, 0— Onivo) , (3.188)

\/Spaa (—im,0,0 —01,....0 —0n:70) = A/Su (0 — 01, ...,0 —0,:70) , (3.189)

and

I (91- O — im0, — 0,6, — 0Oy, ... 0 — emg;w‘) —0%(0,....00; @), (3.190)

where we used the properties (3.184) and (3.185). Taking the product of these three
terms indeed yields the right-hand-side of (3.182) as long as vo = 75" or 7o = +1. More
explicitly, we can write the final expression
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where So(6) = So(—0)"' = € and yp = e“©. We also assumed that the S-matrix
is fermionic in the sense that Sp(0) = Sp(im) = —1, so §(0) = J(imr) = m. As noted
above, the solution (3.191) also requires yo = +1. Thus, strictly speaking, it is valid for
local and semi-local fields. A hitherto unresolved subtlety of the form factors of deformed
theories is that clustering in momentum space (3.83) does not seem applicable. Due to
the form of the function T ({;},; ) the form factors of the deformed theory do not gen-
erally factorise into form factors of lower particle numbers when some rapidities are sent
to infinity. One possible reason is that clustering in momentum space has been related
to a massless or UV limit of the theory [192|, and in deformed theories the UV limit is
no longer a standard CFT. This means that, for theories without bound states, there is
no clear way to relate the normalisations of odd- and even-particle form factors. In the
same way, also the bound (3.82) seems to lose any significance because now the main
asymptotic properties, as we saw already in the case of the deformed IFT, are completely
dictated by the MFF (3.94) and specifically by the sign of the deformation parameter itself.

I

-
I
—

Even in this general case we can consider the leading contributions to the long and
short-distance expansions of the logarithm of a typical (normalised) two-point function
(O(0)OT(r))/{O). Also for simplicity, we will restrict ourselves to fields that only have
even-particle form factors and we will restrict to the case when a7 := o # 0 and «; = 0
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for ¢« > 1. In this case, the two-particle contribution to the logarithm of the two-point
function is

0
¢S (r;a) = f (Zde)Q 05 (x; oz)‘Q |FP (;0)2e 502 [( (21 cosh g) : (3.192)
“o
where '
cos%(iii)ﬁsinh@) for o = 1,
09 (0;a) = 2 (3.193)
siné(és(ii)s—ggsinhe) for vp = —1,

and F2(z;0) is the two-particle form factor normalised by the vacuum expectation value
(O).

As in the deformed Ising field theory case, the asymptotic behaviour depends crucially
on the sign of a. For a > 0, the exponential factor diverges and cannot be compensated
by the undeformed form factor, which typically decays exponentially. At short distances
this signals an unusual UV behaviour, while at large distances the convergence of the
series depends on the interplay between the length scale, the momentum and «: for small
momenta the expansion remains convergent, but for large momenta the finite size of par-
ticles is again probed and convergence is lost.

For a < 0, on the other hand, the situation is reversed: the exponential factor ensures
rapid convergence both in the UV and IR. In the IR the theory flows to a trivial fixed
point, as in the undeformed case. In the UV, the form factor expansion must be resummed,
leading to a logarithmic behaviour of the form

©(r<l;a<0)~—z2a)logr, (3.194)

with coefficients 29 () given by integrals over rapidities, e.g.
* o db 2 7 2 a0,
2 (a) = f vt 105 (6; )| F5(6;0)[ e he (3.195)
o (2)

Since the exponential decays for a < 0, one always finds

whenever the undeformed coefficients are well-defined. Thus the UV behaviour is power-
law, as in a CFT, but with an a-dependent power that tends to zero as a@ — —oo0.

Also the analysis via Zamolodchikov’s c-theorem follows the same pattern as in the
specific Ising example. One considers

ca) — g L " a0 (), (3.196)

which interpolates between the UV and IR central charges. For a = 0 this reproduces
"V, since ¢! = 0, while for o < 0 it provides an a-dependent deformation of ¢VV.

13Note that for the Ising model cos 80 — 0in (3.193) but this can be compensated for by appropriate

2
normalisation of the form factors.
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The two-particle form factor of © carries the same oscillatory structure encountered
previously,

sin($sinh6) | Fu(0; )
FP(0;0) =2 2 e 3.197
2 (fi0) = 2m Ssinh@ | F(im;a)’ ( )
and, in the two-particle approximation, yields
3 (T* Sin(g sinh:v) 2 a s
co(a) = —J de | —2—2L| en®®M% (3.198)
8J a cosh®(x/2)

The outcome is qualitatively unchanged (w.r.t. the deformed IFT): numerical eval-
uation (Fig. 3.13) shows a smooth flow from the undeformed value 1/2 to zero as —a
increases, with oscillations suppressed by the exponential factor.

0.5
0.4}
< 0.3fe

ca(

0.2} o
0.1F “a

0.0 ‘ ' N Y

Figure 3.13: The functions cy(a) for the Ising model.

3.2.3 Extension to Branch Point Twist Fields

A possible direction that we decided to pursue was the study of entanglement properties'*
of the deformed theories. A perturbative approach for free theories was used in [217]| and
led to some interesting conclusions regarding the leading contribution to the entanglement
entropies in free boson and free fermion theories. Actually, the work [218] has addressed
exactly the same problems we consider here. In fact our paper [14] on which this discussion
is based on was very nearly completed when [218] appeared. Despite the large overlap
between our work and [218], we found important differences in some of the main results.

The paper [14] basically extends the work in [12, 13] to deal with a particular type of
symmetry field, the branch point twist field (BPTF). The name BPTF, their definition
as symmetry fields associated with cyclic permutation symmetry in replica theories, and
their application to entanglement measures in massive IQFTs all hail back to the work
[185]. The relationship between entanglement measures and correlators of fields associ-
ated with conical singularities was first discussed in [219], although the fields introduced
there were distinct from the BPTF. The extension considered here is non-trivial, because
the results of [13] were only applicable to local and semi-local fields, where semi-local
meant specifically fields with factor of local commutativity v = +1 [182]. In order to
study the form factors of BPTFs we need to consider the form factor program anew and

140f particular relevance to the following discussion are works which have focused on entanglement
measures [209, 210, 211, 212, 213, 214, 215, 216].
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find solutions to the form factor equations which might a priori have a different structure
from those found in [12, 13| because of the different locality properties that these fields
possess. In [14] we focused on the two particle form factor (the zero and one-particle form
factors are constant for spinless fields like the BPTF), leaving higher particle solutions for
future study'®. As we will see, the two-particle contribution can already give us valuable
insights into some properties of entanglement. The results just obtained for the IFT and
more complicated interacting diagonal theories without bound states certainly support
the view that, at the very least, the form factors obtained starting with the S-matrix
(2.43) encapsulate physical information about the models. Indeed, for the simpler TT-
perturbation they capture in a very neat and clear way the distinct nature of the positive
and negative coupling regimes, already highlighted earlier. Furthermore, the correlation
functions obtained from these form factors have asymptotic properties which are entirely
compatible with the view that the UV theory is non-local and that the elementary exci-
tations are now extended “finite length” degrees of freedom. In addition, the form factor
program, although relying heavily on locality, does not require strict locality of the op-
erators/particles but only finite support thereof. In fact, the idea that one can apply
the form factor program to extended objects has already appeared in the literature, for
instance in [220], where the notion of bi-local fields is discussed (that is fields associated
with the “product” of two operators located at different points in space-time). The same
idea is behind the concept of twist operator employed in [221]. Even though these are
different models/problems'®, we were still motivated to give it a try. Again, at the time
we wrote [14] we were completely clueless on possible ways to fix the free parameters in
(3.95) and therefore also in here we consider 3, = 0.

Branch Point Twist Fields and their Form Factors

Fields associated to internal symmetries in quantum field theory can be characterised
by their equal-time exchange relations with respect to other local fields and that these
in turn lead to twist fields sitting at the origin of branch cuts in space-time as we saw
in Subsection 3.1.3. The fields we are interested in here, the BPTFs, arise naturally in
replica theories which consist of n identical, non-interacting copies of some chosen model.
In such cases, there is a large amount of symmetry in the resulting model (in fact, under
all elements of the permutation group), including cyclic permutation symmetry, which is
the symmetry that turns out to be relevant in the context of entanglement. As a result of
the replica process, all the fields that were present in the original (non-replicated) model
acquire copy labels. In other words, if the chosen model had a local field ¢(x), the replica
theory will posses a family ¢;(x) with j = 1,...,n and the identification j = j + n. In
this context the BPTF T and its hermitian conjugate 7' satisfy the equal-time exchange
relations

(z _ [ TWenlr) y>x 00 A T'W)ja(x) y>=z
T = { T v o wrim - { T T
3.199

5Unfotunately we were, and we still are unable to solve the kinematical residue equation for these
fields as we did in the previous subsections for more standard fields.

16In our case what is extended is rather the particles or the “scattering process itself” rather than the
operators; nevertheless, the two notions are conceptually related, since bilocality of operators can be
viewed as a form of spatial extension.
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From these exchange relations, equations for matrix elements of 7 and 7' can be
derived. Let us define

FI (0,0, 0 n) =0T (0)01, - - -, Oy iy s (3.200)

to be the k-particle form factor of T, with |0y, ..., 6k),,, . .. an in-state characterised by
rapidities #; and quantum numbers p;. Typically, each quantum number carries two sets
of information: the particle quantum number and its copy number; in short u; := (a, j).
However if the theory has a single particle type, as we consider here, we can think of
pj := j as being simply the copy number. From the relations (3.199), the form factor
equations for diagonal scattering matrices can be derived and were first written in [185]:

Fyrtiet (03,0540, im) = Sy (O ) F7 (00540, 0m) (3.201)

FH2l (0 4 2mi, L fpin) = F,i”"'”"’ll (09, ...,0k,01;n), (3.202)

Res F{"0 1R (g +im, 00, 01, . . ., O;m) = iFf (0, ..., O m) (3.203)

f0=0o .

glieesOF“““l (G + i1, 00,01, ..., Op;n) = —i H Sy (B0 L0, ... 0;m),  (3.204)
where f1; := (a,i + 1) indicates a particle label with the same quantum numbers as

g but copy number shifted by one and fi; := (a,4) indicates a particle that is conjugate
to the particle of index p in the same copy. Although the kinematic residue equation
for branch point twist fields now splits into two separate equations (3.203)-(3.204), the
second can be derived from the first by employing Watson’s equations (3.201)-(3.202).
This means that typically only the equations (3.201)-(3.203) are employed in the solution
procedure. Furthermore, for simplicity, these can be specialised to particles in the same
copy since once those form factors are known, all others can be obtained by employing
(3.201)-(3.202). The form factors of T are also related to those of 7 in a simple way, as
discussed in [185] and [222]. As usual, the solution to these equations starts with solving
equations for two-particle form factors. We now discuss how this is done and how the
known solutions generalise in the presence of TT perturbations. In this case, all equa-
tions above still hold, but, in a theory with a single particle type, the scattering matrices
Sy, (0) are replaced by (Sq(6))% and therefore the form factors must now be functions
of a.

Since we want to deal with deformed theories, let us slightly modify our notation
(3.200) and introduce explicitly the dependence on the couplings . In addition, since
BPTFs are spinless we know their two-particle form factor will only depend on rapidity
differences, hence a single variable 6. We will then call

FPP(0;n, ) , (3.205)

the two-particle form factor of 7 in the deformed theory for two particles of the same
type, labelled by distinct copy indices 7, p. The minimal part of this form factor will be
denoted by

F? (0:n,a) , (3.206)

min

and will be a solution of the two-particle form factor axioms without poles in the physical
sheet. It satisfies

FP (0;n, ) = F? (—0;n,)(Sa(0))%" = FIP (215 — 0;n, a) Vi,p, (3.207)

min min min
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where the delta function implements the correct exchange relation (3.201) in which par-
ticles in distinct copies do not interact whereas particles in the same copy interact in
a model specific manner. Using these relations as well as the fact that all copies are
identical, we can show

EIL P (0im,0) = FIE P (0im,0) . Vi Gip, (3.208)
FIY(On,0) = FI 2r(j - 1)i—0in,0) ., Vj#1. (3.200)

The last equation allows us to write a similar set of equations to (3.207) for form
factors involving particles in the same copy only. This gives the relations

[ 0) = [3(=0)5a(0) = 7 (=0 + 2min), (3.210)
which imply that the minimal form factor

FL (0;n,a) = f2(0) , (3.211)

min

must not have any pole in the extended strip Im(0) € [0,27n]. For a = 0 the relations
(3.210) can be typically solved in a very similar way as for local fields and the method
has been explained in many places including [185, 222|. The resulting function f2(#) can
be usually expressed in terms of an integral representation which is determined by the
scattering matrix. For free theories however, this function is very simple. In particular,
for the Ising field theory it is just

f2(0) = —isinh % : (3.212)

Since the equations (3.210) are linear, this means that their solution will typically factorise
into f2(0) (the undeformed solution) and another function ¢%(#) which satisfies

i (0) = 5 (=0)®a(0) = @i (=0 + 2min) . (3.213)

A simple family of solutions to this equation can be found similarly as for local fields.
It is a simple generalisation to replica theories of the solutions (3.94), and it takes the
form

2mn

0 (0) = exp (9 _ Z ogm® sinh(s@)) . (3.214)
seS

As for local and semi-local fields, the minimal form factor itself contains possible “CDD
factors”, that is factors that are both even and 2min periodic in the variable #. The most
general combination of such factors takes the form

= exp (Z Bsm™ cosh 6) . (3.215)

seS’

where &’ may be a different set of integers than S. Our solutions (3.214) and (3.215)
are identical to those found in [218]. It is however useful to discuss a little bit why
we choose (3.214) to involve only hyperbolic functions of sf whereas (3.215) involves
hyperbolic functions of 59. Indeed, if s are odd integers, which is usually the case, we
could replace sinh(sf) by sinh = 59 and still have a solution to all required equations. The
reason for choosing (3.214) as "done here is two-fold: it is natural to expect that the
minimal form factor satisfies
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o) (fr@)*e R for #eR and n#1, (3.216)

as otherwise any correlators of 7 with a local or semi-local field in the theory would
give complex results. The property (3.216) holds for & = 0. This property is for instance
essential in the following section where we study the A sum rule. Without (3.216), the
output of the A-sum rule presented below would not be a real number, even in the two-
particle approximation. The choice of ¢2(#) is also supported by fundamental properties
of the S-matrices and minimal form factors of IQFTs which we plan to discuss in more
detail in a further publication. Furthermore, the solution (3.215) is the most general
CDD-factor that we can write and of course it includes all terms of the form cosh(k0)
when s = kn. Terms of the form cosh(kf) seem indeed more natural as they are the
one-particle eigenvalues of higher local conserved quantities. In summary, we have then
that any diagonal theory with a single-particle spectrum has minimal form factor

£2(0) = R (0)en (0)C5(0) - (3.217)
In the Ising model this reads explicitly

o .0 0 —imn 95 . 2s s0
12(0) = —isinh 2, XP < Z asm~®sinh(sf) + Z Bsm™ cosh E) . (3.218)

2mn se2Z+1 seS’!

If we now include the relevant kinematic poles and normalisation so as to ensure that
the two-particle versions of equations (3.203) and (3.204) are also satisfied, we obtain the
solution

(T)n sin 7 S (0)
2n sinh [ZE2] sinh [Z=4] f(0)

where (T)% := Fy(n, o). Note that the factor sin T ensures that F}'(6; 1, o) = 0 which
is a consistency condition for the BPTF (i.e. it becomes the identity field for n = 1).
Apart from the minimal form factor, this form factor has exactly the usual form [185].

It is worth highlighting however, that this solution still needs to be tested against
solutions to the higher particle form factor equations, which are harder to obtain. We
mean by this that the two-particle form factor needs to be consistently recovered from the
kinematic residue of the four-particle form factor. Until this four-particle form factor is
computed some uncertainty as to the exact form of Fi'(6;n, a) remains. This is similar
to the behaviour we found in (3.131) for the form factors of the trace of the stress-energy
tensor ©. We saw that consistency with higher-particle form factor equations requires
the standard two-particle form factor solution to be multiplied by an additional factor
f(6; &) with properties

F0;n, a) = (3.219)

f(6;0) = f(im;ax) = 1. (3.220)

Such a factor could be present in our case too. If so, it would need to be also an even,
2min-periodic function of . A more in-depth study of the form factor equations is required
to settle this point. We will only work with the solution (3.219), the same found in [218].

We can immediately try to check our result with the A-sum rule. The result is a func-
tion that heavily depends on a with strong divergencies or properties that are compatible
with the power-law scaling of two-point functions that we observed already. Even if the
form factors of the BPTF are different from those of local and semi-local fields previously
found, power-law scaling will follow through due to the exponentially decaying factors
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|0%(0)|* that enter the form factor expansion of the two-point function (7(0)7 (r))%. For
the same reason, the A-sum rule in the two-particle approximation is also given by a
convergent integral. We have that

1
— 7t
AT = g f dr 1O TT(0))5 (3.221)
The right-hand side of (3.221) can be expressed as a sum over multi-particle contribu-
tion [223]. Again, here we will not need the most general expression and we consider the
Ising model and limit our analysis to the two-particle contribution. In fact, for ay, < 0 we
expect this to constitute the leading contribution to (3.221). After some simplifications

we find

32m2m2(T)He J_ cosh2 (6/2) ' '

If we now consider the TT perturbation, corresponding to having only oy := o # 0
and all 3 = 0 we then have the form factor formulae

h(£)cos (L) am?
FT|11 - _ Z<7->n sin - (Mrff)smhé 3.993
2 ( ,Tl,Oé) nsinh [m 9] sinh [mZO]e ’ ( )

using (3.138) and (3.223) we find'"

o (0SNG (3 994)

1 (™ cos () sinh () tanh £
A= J do S I
167 %] sinh [ZX0 ]cosh

_»  sinh[Z-

For a = 0 the integral can be computed exactly as shown in [185], and it gives the
exact CFT formula [224, 225]

1 1
A= —(n—-=]). 22
o= (n1) (3.225)

In [185] it was shown that the integral (3.224) can be computed exactly for a = 0.
This is because in that case the integrand only picks up a sign under the shift 6 — 60+ 2min.
Hence by Cauchy’s theorem, the sum of the residues of the poles that cross the line under
the shift give exactly twice the dimension A®. In the present case, unfortunately the
presence of the exponential spoils this property. In the absence of an analytic formula,
the integral can be evaluated numerically for different values of o and n as shown in
Figs. 3.11 and 3.12. Fig. 3.11 shows the function A% as a function of n for different
negative choices of . As observed for other fields, the values of A% decrease as the
modulus of « increases. From the figure it is clear that for large n the leading behaviour
of A% is linear in n, just as found in [218]. The curvature of the function is only visible
for very small values of n, around 1. It is possible to expand (3.224) for large n to work
out that the leading contributions are:

A% — afa) + nb(a) + ~e(a) + O(n~2) , (3.226)

" n
with

sin(§ sinh 6)

a1 | arguing that it does not influence the final
2

17Tn [218] the authors chose to ignore the factor

result too much. This is indeed true, but it seems a peculiar reasoning nonetheless.
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Figure 3.14: The function (3.224) for a = 0, —0.001, —0.01, —0.1 and —1, with the value
0 corresponding to the red dots and the value 1 corresponding to the blue dots. The
exact formula (3.225) is also plotted as a solid black line, which fits the red dots perfectly.
The figure on the right is a blow up of the small n region of the left figure. All functions
are linear for n large and the slopes are: b(0) = 4 = 0.0208333, b(—0.001) = 0.0195262,
b(—0.01) = 0.0169936, b(—0.1) = 0.0112533 and b(—1) = 0.00331503.

a (“ 6% sinh® g [sin($sinh6)| w00
= — 5 oin 3.227
a(a) 8w )_, w2+ 62 coshg 5 sinh 0 ' ¢ ’ ( )
1 (” 0 tanh? [sin(2sinh )| a0
b(a) = ———— 52. )| eggsmno (3.228)
8mJ_ o W +0%coshi | §sinhd

and

() == 1 JOO 99(74 + 726% — 30%0% sinh? 0) sinhg
A= 19278 o 2+ 92 COShzg

sinh 9) ‘ 6%2 sinh 6

(3.229)

The coefficients of higher order corrections in 1/n can be easily evaluated by further
expanding the integrand of (3.224). As expected, a(0) = 0 and b(0) = —¢(0) = .

If we assume that the function (3.224) still characterises the short-distance scaling
of the two-point function (7(0)77T(r))® as well as the scaling of the vacuum expectation
value (T)% ~ m?2n | then the results above already have important implications regarding
the behaviour of the entropy. In order to understand this we need to briefly review the
relationship between BPTF correlators and entanglement.

3.2.4 Entanglement Entropy from BPTFs

The best-known measure of the entanglement between two parts of a quantum system,
that is a bipartite measure, is the entanglement entropy or von Neumann entropy. Its
good properties as an entanglement measure were established in [226]. The simplest case
in which it can be computed is that of a quantum model in a pure state |¥).

Let the Hilbert space of the theory be divided into two complementary subspaces H =
Ha®Hjz and let the reduced density matrix of subsystem A be defined as

pa = Trz(|U)(T) . (3.230)
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Figure 3.15: The function (3.224) for n = 2 (red), n = 5 (blue), n = 7 (green) and
n = 10 (black). The figure on the right shows clearly how all functions scale similarly
with a. We find that all functions are extremely well fitted by quadratic polynomials of
the form f(n) + k(n)z + p(n)z? with x = log(—a) which are presented as dashed lines.

Then, the von Neumann entropy is defined as

S(r) = —Tra(palogpa) , (3.231)

where r is taken to be the length of subsystem A in a 1D theory. Related to this is
the family of Rényi entropies, defined as

 log(Tra(o)
1—n '

S, (r) (3.232)

The normalisation of p, is chosen so that Tru(pa) = 1, which implies that the von
Neumann entropy can be obtained as a limit of the Rényi entropies

S(r) = lim S,(r) . (3.233)

n—1

In the context of critical systems it was realised a long time ago [227, 228, 219] that
for n integer Tra(p’) has a natural physical interpretation as a suitably normalised par-
tition function in an n-sheeted Riemann surface with cyclically connected sheets. The
structure of this Riemann surface is dictated by the product of n matrices p4 and by the
trace, which induces the cyclicity property. The partition function picture applied to a
configuration where the regions A and A are both complementary and fully connected, is
very advantageous in the context of conformal field theory. In this case a conformal map
can be employed to map the Riemann surface back to the complex plane with conical sin-
gularities at the boundary point(s) between regions A and A. Henceforth both the Rényi
and von Neumann entropies can be easily obtained leading to the well-known logarithmic
growth of both S(r) and S, (r) in critical systems [227, 228, 229, 230, 219, 231, 232].

Conformal maps can however not be used in massively perturbed and/or TT-perturbed
CFTs and so an alternative approach to compute the partition function is needed. BPTFs
provide such an approach. It can be shown that for a bipartition of the type described
above, the function Tr4(p;) is proportional to a correlation function of BPTFs [185, 219].
This correlation function contains as many fields as boundary points between A and A.
In the simplest case, when both regions are semi-infinite, and o = 0, we require only one
field and we can write

Tra(p}) = 22T, (3.234)
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where ¢ is a non-universal short-distance cut-off and (7)? is the vacuum expectation value
(VEV) of the BPTF. Plugging this expression into the formula for the Rényi entropies
it is easy to derive the well-known property of saturation of the entanglement entropy in
gapped systems [219, 233], namely

S(0) = —g log(me) + % : (3.235)

where U is related to the proportionality constant v(n) in (7Y% = v(n)m?2% as

Ui=— di;:) with v(1) =1. (3.236)

On the other hand, if the region A is finite of length r, the trace is given by

n=1

Tra(ply) = (T (O)T (1)) (3.237)

If the theory is critical, this formula can also be used to obtain the logarithmic growth
of the entropies, which follows simply from power-law scaling of the two-point function.
In CFT we have that

c(n+1)

r c.r
Sp(r) = Tlog o S(r) = glogg ; (3.238)

where ¢ is the central charge. Crucially the pre-factor of the logarithmic terms in
(3.238) is related to the dimension of the BPTF in a simple way. For the Rényi entropies,

this prefactor is given by —% whereas for the von Neumann entropy it can be obtained
as

4A0 dAO
— lim L= (3.239)
n—11—n dn |, _,

All formulae above have been written for the case @ = 0. Assuming that the relation-
ship between correlators of BPTFs and entanglement measures is preserved by a gener-
alised TT-perturbation, it follows that if A has a different dependence on n than A?,
then the coefficient of the log-term in the entanglement entropy and Rényi entropies will
be modified. That is, both the function inside the limit and the limit itself in (3.239) will
be different. Notice that for (3.239) to be correct, it is essential that A = 0, a condition
that is a consequence of T becoming the identity field in the absence of replicas. The A-
sum rule formulae presented originally proposed in [218] violated this essential property'®

As we have just discussed

: d d 4pe
S(r) = 71an11 Sn(r) = — hm %TIA,OA =— hm o€ BT (0)TT(r)) . (3.240)

The two-point correlation function of twist fields can be then calculated using its
spectral representation in terms of form factors:

d@ .d
TO)T () = ZJ S FL O, B )Pe S (34

18The original derivation in [218] contained some inaccuracies, which were later corrected in a subse-
quent revision following the appearance of our work.
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As is common with these kinds of expansions, we can truncate the sum at the two-
particle level and so consider the leading non-trivial contribution for large r, which for
the Ising model comes from the two-particle form factors. We can write

o [o” C OO ” dfdo i —mr(cosh 01 +cosh 65
TOT N = (DR[| G R Omin cemiomtorentes
i?j _w _w )
= ({(T)>)? (1+% dfg(0;n, a)KO(QTmcoshg)) , (3.242)
™ o0

where Ky(z) is the modified Bessel function of the second kind and

(TH)g(0;n, ) Z |Ey7 (0:n, a)|? = (3.243)

n—1
= | (0, ) * + D [F3H (=0 + 2mijin, o) . (3.244)

=1

The last identity above follows from the relations between form factors on different
copies we presented earlier. Specialising again to the T'T-deformation, we can use (3.223)
to write

(<T>a)2 SinhQ i COSQ L %% sinh 6

FiY0;n, o) = w , 3.245
[P (65m, ) nQSmh2(” e)sth(”:e)e ( )

and

|Fy (=0 + 27ig;n, @) |* = Fy' (=0 + 27mijyn, ) (Fy')* (=0 — 27wij;n, a) =

—0+2
_ i(T)H2 sinh (=5 W) cos (3,;) e (g 02710 ) sinh(~6+2mij)
nsinh [z7r+92n27rz]] sinh [i7r—02-:;27rij]
—0—2

TS sinh (5270 os (£)  w? (L sims) s g-amiy

n sinh [ z7r+297j-2m]] sinh [—i7r—(9n—27rij]
((T)%)?sinh (=5274) sinh (“272) cos z_eaﬁ fsinhf (3.246)

n2 sinh (i71'+921—127rij) sinh (i7r—92—7|;2m]) sinh ( 177-&-297;1-2771]) sinh (irr+92-:-127rij> . .

The integral in (3.242) can be performed numerically for n integer but due to the pres-
ence of sums such as in (3.244) it does not make sense to consider real, non-integer values
of n. These are however needed in order to compute the derivative and limit required
in the computation of the von Neumann entropy. In [185] the analytic continuation to
real positive n > 1 was performed using the cotangent trick, that is replacing the sum
(3.244) by a contour integral in the variable j with poles at j = 1,...,n — 1. The same
idea can be used here. The upshot of the computation in [185] was that the sum has
a special behaviour when n — 1 and 6 — 0 simultaneously which can be characterised
by a d-function centred at € = 0. The same behaviour occurs here since at = 0 the
exponential factor, which is the only factor that depends on « is just 1. Both for the
perturbed and unperturbed Ising model, it is possible to perform the sum
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n—1
n Y | F 2nijin, o) = g for n>1. (3.247)

j=1
exactly. In fact, whether or not a = 0 the value of the sum is the same because the
sinh # in the exponential factor is vanishing for § = 2mij. This result however reveals
a non-analytic behaviour around n = 1. In fact for n = 1 the sum should be 0, but
the formula above suggests that the analytic continuation from n large to n = 1 should
give the value 1/2 at n = 1. It was shown in [185] that the value 1/2 at n = 1 and the
non-analyticity at § = 0 are found for all diagonal IQFTs, even when they are interacting.
The similarity with the unperturbed case extends fully to the computation of the
sum (3.244) by contour integration. The same reasoning presented in Appendix 3 of
[185] applies here, crucially because the exponential factor in (3.246) does not depend
on the index j which becomes the integration variable when using the cotangent trick.
Therefore, we arrive to the interesting conclusion that the next-to-leading order correction
to the entanglement entropy of a large interval is exactly the same as in the unperturbed
theory and it does not depend on the perturbation, even if the leading order term coming
from the VEV (the saturation value) appears to be perturbation-dependent. We have then

the same result as in [185], namely

S(r:a) — S(0,a) —éK0(2mr) L Oy (3.248)

where we now introduced the a-dependence explicitly in the notation for S(r; «).

This conclusion is in principle not too surprising if we consider the physics of TT
perturbations. We know that for & > 0 (< 0) we can interpret the effect of the pertur-
bation as particles acquiring a positive (negative) length. This has strong effect on the
short-distance (UV) physics of the theory. However, when distance is large compare to
particle’s width, this width should not play a major role and so the entropy correction
remains unchanged. While this argument is qualitative in nature and not totally satisfac-
tory, it supports the correctness of the result (3.248).

The results of the A-sum rule and of the general expansion of the two-point function
both suggest that the leading contribution S(c0, «) to the entanglement entropy is per-
turbation dependent, that is (7)% # (T)%. This is also supported by the perturbative
results obtained in [217] and those of [218]. So even if the next-to-leading order correction
is a-independent, the leading contribution is not. As in the unperturbed case, the Rényi
entropies acquire a less universal large-distance correction. In theories where the field 7
has a non-vanishing one-particle form factor!’, the leading correction to the saturation of
the Rényi entropies will be 2|Fy(n, a)[?, which is very similar to the usual one (see e.g.
[234, 235]), except that the one-particle form factor will be a function of a. If the leading
correction comes from the two-particle form factor, as in the Ising model, then as our
formula (3.242) shows, the integral will only be convergent for a < 0 due to the presence
of an exponential factor exp( an—"fﬁ sinh @) and will clearly depend on «.

3.2.5 Comparison with Previous Results in the Literature

We conclude this section with a discussion of the leading term S(o0, a) in (3.248). This
discussion is especially important because both in [217] and in [218] it is claimed that

19Tn this case, our conclusion for the von Neumann entropy above will still hold, since the one-particle
form factor is vanishing as n — 1.
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S(o0, @) is substantially different from the standard form (3.235) for the free fermion in
the presence of a TT perturbation. In both papers it is found that in addition to a
logarithmic term — just as in (3.235), albeit with a different coefficient — there are terms
of other types. In [217] a term proportional to log® me is found for the Dirac fermion and
the same type of term is found in [218] for the Ising field theory.

Our calculation based on the A-sum rule does not produce any of those additional,
unusual terms, only a term proportional to log(me) as usual, but with a different coefficient
that we compute below. In fact, any computation based on the assumption that the
vacuum expectation value of T scales as a power of mass m?2% with A = 0 will inevitably
produce a result of this type. The reason why [218| obtain something different is not
entirely clear to us. It is evident though that they assume a different type of scaling for
the VEV. In fact the formula for AY used there is not zero at n = 1. As mentioned
before, this is inconsistent with the integral form they use for A%, similar to our (3.224).
Additionally, as we can see from (3.239) the equality between the limit and the derivative
relies on the presence in A% of a simple zero at n = 1. If this were not true, as it is the
case in [218], the leading contribution to the von Neumann entropy would be divergent
due to the denominator 1 — n of the Rényi entropies. In our case, using the formula
(3.224), we have that the leading contribution to the entropy is given by

Lo (TR log ((me)*Su(n)?)

n—1 1—n n—1 1—n
log(me) li A2, + 1
= oglLm 11m —- 1m
& 6nﬂll—n n—1 1—n

2logv(n, a) (3.249)

where v(n, «) is the generalisation of the constant in (3.236) and satisfies v(1, ) = 1.
Since we do not know the explicit form of this function, we call

21 0
rlzlgi Ofvf(?;’a) = — %v(n, «) . =U(a), (3.250)
As for the main term we have that
4A” OA%
li L= L 3.251
T — on |,_q ( )
where from (3.224)
a 20 : a ~
4 OA _ 1 JOO d@tanhQ Z s1n§§.smh 6) o20sinho . _ () (3.252)
on |, 8J_ cosh”Z | $sinhé 3
We can then write that, for the Ising field theory
é(CY) 1 —3mr
S(rya) = — 3 log(me) + U(a) — gKO(QWLT) +O0(Ee™™) for a<0, (3.253)
with
3 (* ,tanh®% 1
c(0)==1| db 2 = — 3.254
C( ) 8 Joo COSh2 g 2 ( )



As a function of «, ¢(«) is different from the one obtained in (3.173) or (3.198) using
the c-theorem, even though both reduce to the correct value at @ = 0 and display very
similar dependence in « as shown in Fig. 3.16 (this can be compared to Fig. 3.12 (right)
and to Fig. 3.13.)
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Figure 3.16: The function ¢(a) for v < 0 in the Ising field theory, as defined in (3.252).
Although a distinct function from the function obtained from Zamolodchikov’s c-theorem,
the share the same main features. As expected ¢(0) = 1/2.

Our results do not mean that unusual terms such as log?(me) are not possible at all,
so they do not necessarily contradict [217]. Such terms could still be present. What
our results show is that this would require the VEV of the BPTF to scale differently
with the mass. VEVs are notoriously difficult to compute in QFT so this is a point that
requires further investigation. A different scaling of the VEV is found in some simple
unperturbed theories, like the non-compactified free boson (see [236, 237| for a detailed
discussion), where the unusual scaling gives rise to a log log(me) correction to the entropy.
A similar type of correction appears naturally in computations of the symmetry resolved
entanglement entropy [238, 239] but in those cases the relevant function is not the VEV
but its Fourier transform in a certain variable. More precisely, in order to obtain a
correction proportional to log?(me) it would be necessary to assume that

<T>g _ v(n, a)mzA%'*"f("va)(l—") logm 7 (3255)

with k(1,a) # 0, so that the calculation (3.249) would give instead (leaving out the
cut-off for now)

L log(T)?

1—n

AA% + 2k(n, a)(1 —n)logm
1—n

21
| pim 2208V 0)

n—1 1—n

= logm lin%

é(a)

= —Tlogm +26(1, ) log>m + U(a) ,

n—1

(3.256)

with U(«) defined as in (3.250). We can then reintroduce the cut-off by replacing
m +— me which is equivalent to adding a non-universal constant to (3.256) as well as
making the coefficient of the logm term non-universal (it will become cut-off dependent
as well). This is because

—@ log(me) + 2x(1, ) log?(me) + Ul(a)
— (_@ + 2log 5) logm + 2k(1,a) log*m + U(a) +d(e), (3.257)
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with

d(e) = 2k(1,a)log?e — @ loge. (3.258)

3.2.6 Some Thoughts

Let us take a moment to reflect on what we have learned so far, to summarise the insights
gained, the specific points discovered, and the open challenges ahead. We found that the
most general solution to the MFF equations (3.91) is

Froin(0; @) = Foin(6;0)0a(0)C(0) (3.259)

where Fi,in(0;0) if the MFF of the undeformed theory, ¢, (6) is given by (3.94) while
the functions Cg(f) given in (3.95) are characterised by the presence of a set of free pa-
rameters 3, which are absent in the S-matrix. These function is a sort of CDD-factor
of the MFF, in the sense that any solution ¢4 () can be multiplied by a function Cz(#)
for any choice of parameters B and any choice of integers s € S” and still give a solution
to (3.259). The presence of factors like Cg(#) clearly changes the asymptotic properties
of the MFF, hence also of higher particle form factors, where products of Fi;,(0; ) are
typically involved. According to the usual interpretation that each distinct solution to
the form factor equations corresponds to a different local or semi-local field, it is tempting
to interpret each choice of 3, that is, each choice of the MFF, as the choice of a different
building block for the form factors of local and semi-local fields. However until now we
where not able to fix the free parameters and we decided to consider the case 3 = 0 and
try to solve the kinematical residue equations without them.

We obtain equations whose solutions display an unusual dependence on the rapidities,
typically double-exponential and oscillatory. Indeed, already the MFF contains a factor
that can grow doubly-exponentially as a function of rapidity differences. There is an
infinite set of possible deformations, corresponding to different parameter choices, but
the leading behaviours are essentially determined by the term associated with the highest
spin s* entering the scattering matrix (2.43) and the minimal form factor (3.94), both
characterised by the coupling argx.

e For a+ > 0, correlators diverge at short distances, i.e. in the UV limit. The UV
regime is thus described by excitations of finite positive length, and the divergence
reflects the fact that the deep UV is no longer accessible. A similar issue arises in the
TBA framework, where for Gibbs ensembles the choice o+ > 0 leads to convergence
problems in the recursive solution of the equations. In addition, correlators also
diverge at large distances unless a rapidity cut-off is introduced. Physically, even
if r is large, sufficiently high momenta probe the finite size of excitations and spoil
convergence. At low rapidities convergence is maintained. The natural cut-off is
described by the Lambert W -function, which also appears in delay equations [207]
and in the GHD description of TT-perturbed models [146].

e For az < 0, the form factor expansion converges rapidly at all scales, even faster
than in the undeformed model. At short distances, correlators scale as power laws

r=429(@)  with exponents z°(a) < z°(0) that decrease with —ay« and vanish as
lim 2%(a) =0. (3.260)
as*ﬂfoo



For the field p this behaviour is confirmed both from the short-distance scaling and
from the A-sum rule in the two-particle approximation. Zamolodchikov’s c-theorem
also shows that the perturbed c-function is a rapidly decreasing function of c.

e The picture suggested is therefore that for agz < 0 the perturbed IQFT flows
between a UV regime characterised by finite, a-dependent critical exponents and
an effective central charge, and a trivial IR fixed point dictated by the mass scale.

For the cases analysed we find power-law scaling at short distances, with exponents
29 () that also display a non-monotonic, oscillatory dependence on . As known from the
literature, the UV fixed point cannot be a standard CFT, so the interpretation of these
exponents and of the A’s and ¢ obtained from the sum rules remains an open question.
For example, the two-particle estimate of F),(«) decreases from 1/16 to zero and resem-
bles z4(a), but the two functions are not identical. Moreover, including higher-particle
contributions in the correlator (1 (0)©(r)) can introduce terms that are not positive or
even real, since the form factors contain square roots of non-positive functions. Thus the
A-sum rule result differs from the short-distance power in {u(0)u(r)), where all contribu-
tions must be positive.

In the Ising model, an additional feature is that the unperturbed form factors diverge
for large rapidities, leading to sharp discontinuities in 25 (), 25(«) exactly at a = 0. This
shows that not only are the @« > 0 and a < 0 regimes distinct, but also that a = 0
cannot be simply obtained as a limit from either side. These considerations suggest that
both the A-sum rule and c-theorem require modifications in the presence of finite particle
length. Our results for the c-function differ strongly from the TBA version: in particular,
for a < 0 the TBA c-function becomes complex in the UV, reflecting the Hagedorn
transition [81], while the standard c-theorem forbids such behaviour because the correlator
of © is positive-definite. A possible interpretation is that for @ < 0 particles acquire a
negative length, in analogy with the hard rod model [146], in the sense that additional
free space is effectively introduced between the particles, leading to a scattering delay
proportional to . In this picture, a > 0 corresponds to a positive rod length and o < 0 to
a negative rod length, consistent with the scattering phase shift and the thermodynamic
properties of the model. When the length is negative, i.e., there is a minimum length
in time, the theory remains effectively free, which may provide an explanation for the
power-law scaling observed in this regime.

Another unusual feature of our solutions is the appearance of square roots, reminiscent
of finite-temperature and finite-volume form factors, which also involve square-root factors
built from TBA quantities [240, 241, 242, 243]. This suggests a deeper connection between
TT-deformed and thermal/finite-volume form factors that seems very attractive to us.

Moreover, analyticity issues remain, as the choice of minimal form factor is not unique.
In standard IQFT the parameters 3 are fixed by analyticity, but in the TT context differ-
ent choices can lead to non-analytic behaviour. Whether this has a physical interpretation
or should be fixed by a “natural” prescription is still unclear.

Finally, we turn to the branch point twist field. Our result for its minimal form factor
coincides exactly with that of [218|, but some conclusions regarding the A-sum rule and
the saturation value of the entropy in the Ising field theory differ. We attribute this
discrepancy at least in part to an error in the evaluation of the A-sum rule in [218], as
just discussed. The main conclusion is the following. Starting from the two-particle form
factor solution (3.219) and assuming the A-sum rule provides a reliable characterisation of
the scaling of the vacuum expectation value of the twist field, the von Neumann entropy
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of the Ising field theory saturates to a value different from that of the undeformed theory.
For a TT-perturbation with a < 0, the saturation value reads
¢(a)
e log(em) + U(a), (3.261)
where ¢(«) and U(«) are a-dependent coefficients. In particular, ¢(a) reduces to the
central charge ¢ of the UV undeformed CFT for a = 0, and decreases in absolute value
for || > 0. The next-to-leading order correction to the von Neumann entropy remains
unchanged compared to the undeformed theory, in agreement with [218]. In any case, we
have not been able to uncover much about the entanglement properties. Unfortunately, we
were not able to compute higher-particle form factors. Moreover, the A-sum rule, even for
the twist fields, provides limited information, and as already discussed, its applicability is
far from guaranteed. Undoubtedly, the main problem at the moment remains the minimal
form factor. Without fully fixing it, we cannot even be certain about the higher-particle
form factors or the general validity of the form factor bootstrap program. The next and
final chapter will be entirely devoted to addressing this issue.
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Chapter 4

Complete Minimal Form Factors of TT-
deformed I1QFTs

The first problem that needs to be addressed in order to correctly formulate the FFBP
for TT-deformed IQFTs concerns the minimal form factor (MFF), i.e. the minimal so-
lution of Watson’s equations (3.32). Indeed, we have not been able to derive the MFF
from first principles: instead, we simply “guessed” a possible solution. This approach has
been only partially successful. While we managed to capture the correct general struc-
ture, we did not obtain a unique solution. An infinite number of free parameters remain,
and consequently the validity of the explicit expressions we found is, at best, questionable.

A very important results for us comes from [244]. In this paper by my collaborators
it was in fact understood that even for standard IQFTs the MFF can be casted in the
representation (3.259). In fact, even standard block-type S-matrices can be regarded as
genuine, though regular, CDD-factors: they satisfy crossing and unitarity and have a
well-behaved UV limit. Consider the sinh-Gordon S-matrix,

sinh @ — i cos =2

0) = 2 4.1

) sinhG—I—icos%b (4.1)

Expanding the logarithmic derivative at large rapidities and symmetrising under 6 —
—0, we can formally rewrite it in a generalised TT-like form,

2‘s+1

S() = — exp [ —4i ) cos %”bsinh(se)] = So(0)Bu(0), So(0) = —1, (4.2)

S
s€27+t—1

where the non-vanishing couplings are

b, ATY smh

m? = M0 se2zt —1. 43
asm s, (4.3)

The series in (4.2) should be understood as a formal expansion rather than as a con-
vergent series; the corresponding object is defined non-perturbatively, and the series only
serves as a convenient parametrisation of its structure and shows that the sinh-Gordon
S-matrix can be interpreted as an Ising theory deformed by infinitely many irrelevant
perturbations, with the couplings «, encoding an infinite tower of parameters. At this
point, it is useful to clarify the réle played by the different representations of integrable
S-matrices that will appear in the following, in order to avoid possible sources of confusion.
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It is well known that many minimal building blocks, including the sinh-Gordon S-
matrix, admit representations in terms of infinite products of Euler Gamma functions.
These representations arise naturally in the explicit solution of the factorisation problem
for the S-matrix: once unitarity, crossing symmetry and analyticity are imposed, and
the positions of poles and zeros are fixed by the semiclassical bound-state spectrum, the
resulting minimal solution is essentially determined and can be conveniently expressed
as an infinite Gamma-product. This mechanism was first exhibited in the sine-Gordon
model by Zamolodchikov [61]. Starting from such infinite-product expressions, it is then
possible to obtain equivalent integral or exponential representations by employing stan-
dard integral formulas for logI', such as the Malmsten representation. This step does
not introduce new physical input, but provides a technically useful and more elegant re-
formulation of the same analytic structure. Approaches of this type were systematically
developed by Karowski and Weisz [65], and play a central role in the construction of
minimal form factors. Independently of this construction, one may also consider multi-
plicative deformations of a given S-matrix associated with irrelevant operators, such as
those induced by TT deformations. These deformations are naturally formulated in terms
of exponential representations involving an additive factorisation of log S(#), as in (2.43).
Multiplicative deformations of a given S-matrix associated with irrelevant operators, such
as those induced by TT deformations, provide yet another way of parametrising the same
scattering data. These deformations are naturally formulated in terms of exponential
representations involving an additive factorisation of log S(#), as in (2.43). While, in con-
crete examples, representations of this type can indeed be related to the analytic structure
encoded by infinite Gamma-products, such a relation is highly non-trivial and does not
follow directly from the existence of the latter. Establishing this connection requires an
explicit reconstruction of the S-matrix from its singularity structure, rather than a mere
inspection of its infinite-product form. Once the S-matrix is written in this form, one can
proceed to construct the corresponding minimal form factor.

Once the S-matrix is written in the form (4.2), one can construct a minimal form factor
representation. Using the integral representation, an equivalent TT-like representation
can also be obtained [244]:

1 0 1  cos T2 + sinh §
log F$h%(9) = 5 log 2 + log sinh 5 g(ﬁ —im)log Z,COS 2 TH

min zcos%b — sinh ¢
1 b b7 b, —coshf+sin7
- Z—Llog [(— cosh 0 + sin 7%)(— cosh 6 — sin %)] —los —Zzth — 212 =

2

— o= |ia(ie™#775%) — Lig(=ie™~75") 4 Lig(ie™"*5") — Lig(—ie **3%) + (6 — ~0) |.

47
(4.4)
The structure of this MFF is transparent:
e The term log sinhg reproduces the Ising MFF and isolates Sq = —1.
e The term —iw;—:r) log @24 () corresponds to the logarithmic structure of the TT-like

S-matrix with the parameters oy defined in (4.3).

e The remaining terms, as shown in [244] can be collected in C§“(6), the term we
were not be able to fix previously. This contribution ensures analyticity and proper
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asymptotics: unphysical poles get cancelled from the logarithmic term and the large-
rapidity behaviour is tamed, guaranteeing convergence of form factor expansions and
cluster decomposition.

Thus, the sinh-Gordon example demonstrates how the minimal form factor arises from
a subtle interplay of CDD-factors, analyticity, asymptotics, and the infinite tower of «
couplings. It provides a concrete laboratory to understand what features are required for
physically consistent solutions in more general TT-like deformations, where the correct
choice of parameters analogous to C’ghG(H) is far from obvious. The fact that an infinite
number of deformations is required to describe a well-behaved IQFT is in fact quite natu-
ral. Recall that the operators generating the generalised TT flows (2.10) are constructed
directly from the conserved currents of a massive integrable field theory, and that there
is a one-to-one correspondence between each such current and a conserved charge of the
model. As a consequence, reconstructing a given interacting IQFT starting from a free
fermionic theory necessarily requires access to the full integrable structure, namely to
the complete set of infinitely many conserved charges. This viewpoint can be usefully
interpreted in geometric terms [167, 150]. One may regard the space of integrable quan-
tum field theories as endowed with a connection determined by the conserved charges,
and the sequence of TT-like deformations as providing a way to transport a theory along
this space. In this sense, reproducing a fully consistent IQFT requires accounting for the
entire tower of deformations, much as parallel transport depends on the full connection
rather than on a finite subset of its components.

4.1 A Straightforward Extension to Theories with Bound-
aires

The analysis carried out in [244] can be immediately extended to the case with boundaries.
This is precisely what my collaborators and I have done in [15]. We already introduced
the basics new scattering amplitude R,(6), i.e. the reflection amplitude off the boundary
(see Section 1.5). Unitarity and crossing relations lead to the constraints of cross-unitarity
[83, 88]:

Ro(0)Ra(—0) =1 and  Ry(0)Ra(0 + im) = Sea(20) (4.5)

where a is the particle conjugate to a. As we can see, reflection amplitudes are
related to the scattering phase. Thus, when this changes, like in the presence of irrelevant
perturbations, we expect R,(f) to also change. In the presence of stable bound states
[86, 87| there are additional requirements for the functions R,(6) in the form of boundary
bootstrap equations. These take the form:

RUL(Q + Zan>Rb<(9 + inl?c)sab(e + ingc + ZT}ZC) = RC(G) ’ (46>

where 7¢, are values related to the position of the poles of the scattering matrix. If the
S-matrix S, () has a pole at § = iu¢, corresponding to the formation of the bound state
c in the process a + b — ¢, then n$, := m — u,. Systematic solutions to these equations
have been famously constructed for affine Toda field theories [245, 246, 247].

This program can be further extended by considering the possibility of a “dynamical”
boundary, namely a boundary which can be excited to a different state by particle collision.
This is associated with a pole of the reflection amplitudes themselves. This possibility
was first put forward in [248]. Notably, it is fully compatible with integrability. If we label
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the type of boundary by capital letters, then we can see this as the process a + A — B.
In this case, boundary reflection amplitudes acquire an extra index R2(#) and there are
additional boundary bootstrap equations

R (0) = Ry (0)Suw(0 + in34) San(6 — inga ) (4.7)

where § = inP, is a pole of the amplitude R/(). The solutions to these equations in
Toda field theories where studied in great detail in [249]. Once solutions to these equations
have been found, they can be employed as input data in the study of the thermodynamic
properties of massive boundary IQFTs as done in [250, 251|. They can also be employed in
the context of computing correlation functions and their building blocks (form factors).
This may be done either by employing the boundary state as proposed in [83] or by
developing a form factor program for boundary IQFTs, as done in [252] and employed for
example in [253, 254, 255, 256, 257, 258, 259).

4.1.1 Reflection Amplitudes, Irrelevant Perturbations and the
Boundary Form Factor Bootstrap Program

Consider a diagonal theory, i.e. with no back-scattering! . Then the deformation takes
the form

5(0) = Su(0)25(0)  with  log ®%(0) = —i Y mimja, sinh(sh) , (4.8)
seS

where S,,(6) is the original S-matrix associated to the process a + b — a + b, with
a, b particle quantum numbers. The masses of these particles are denoted by m,, m; and
o are couplings such that the combinations m3mja, are dimensionless. Let R,(f) be
a reflection amplitude which preserves integrability and has no pole leading to excited
boundary states. In this case the only relevant equations for R,(6) are (4.5). We will now
promote R,(0) to R (#) to denote the deformed solution to equations (4.5) corresponding

to the deformed S-matrix (2.43). We expect that

RE(0) = Ra(0)AZ(0) , (4.9)

for some function A%(#) which satisfies

AOAX(—0) =1  and  A%(O)A%(0 + ir) = DX (20) . (4.10)

It is very easy to see that these equations are solved by

A%(60) = /D2 (26). (4.11)

This is the standard type of solution, namely a 27¢ periodic, odd function of 26
and it agrees with the boundary scattering factor found in [260](see also [261] for some
recent advancements). It should be emphasised that the square-root relation between the
reflection factor and S(26) in (4.11) is valid only for CDD-factors of TT-type. For block-
type S-matrices, such as the sinh-Gordon model (1.62), this relation does not hold for the
exact coupling-dependent CDD-factor written in closed form. It becomes meaningful only
after rewriting the latter in its formal TT-like representation (4.2), namely as an infinite

Tn this section on theories with boundaries we will, for the first and only time, briefly consider the case
with more than one particle species. For this reason, we slightly modify our notation to accommodate
the presence of particle species indices.
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product (or asymptotic expansion) of TT-type CDD factors, as discussed at the beginning
of this Chapter. Equation (4.11) gives the universal change of the reflection amplitudes
in boundary IQFTs after a generalised TT-perturbation. The solutions for A%(#) can
however be more general than this. While the factor 4/ (260) needs to be there, any
function of the type sinh(k#) with & odd can be added to the exponent, providing a new
solution to (4.5). In general we have

AZ(0) = A/ D2, (20) exp | —i Z Yem 2P sinh((2k + 1)0) | . (4.12)
keZ

The fact that the modification is not unique for a given S-matrix is expected since in
general there are multiple boundary conditions allowed for one single scattering ampli-
tude”. From here onwards we will consider the simplest solution only (with ; = 0). The
question of how the reflection amplitudes are deformed under irrelevant perturbations
has already been discussed in the literature a few years ago [260] and then employed to
develop a generalised boundary thermodynamic Bethe ansatz. Here we proceed instead

to discuss the form factor program in the presence of boundaries.

There are two viewpoints we may take. If the boundary is located at the origin of time
it can be represented by a boundary state in the Ghoshal-Zamolodchikov sense [94]. In
this case matrix elements of local fields may be computed in terms of the matrix elements
obtained in the absence of a boundary, assuming these are known via the standard form
factor program [6, 10]. This can be achieved by expanding the boundary state in terms of
bilinears of the Zamolodchikov-Fadeev algebra (see Eq. (1.85)). It is also possible to think
of the boundary as located in space, say at the origin. In this case, one can derive a set
of modified form factor equations for the matrix elements of local fields which now must
take into account scattering processes off the boundary. These equations were presented
in [252]. For our purposes, we are only interested in the equations for the one-particle
form factors of a local field O, namely:

F(0) = Ry(O)FC(—0)  and  F2(0) = Ru(im — O)F°(2mi —0), (4.13)

a

where

FP(0) := 0]0(0)[0)a (4.14)

with |#), an in-state containing a single particle of species a and |0) the vacuum
state. Due to breaking of translation invariance, the one-particle form factor is rapidity
dependent, even for spinless fields. Thus, it is the simplest non-trivial form factor that
may be computed and a building block for higher particle form factors.

The solution procedure for equations (4.13) was presented in [252| and follows the
usual construction. Starting with an integral representation for R,(#), a corresponding
integral representation of F2(#) can be found in line with the usual procedure [6] high-
lighted in Subsection 3.1.2. The minimal solution to the equations, without poles in the
physical strip, is entirely determined by R,(#) whereas the pole structure of F(6) is

2Many interesting examples are known. The simplest cases are the Ising field theory, where a family of
distinct boundary conditions exist parametrised by the boundary magnetic field [83] as we saw in Section
1.5. Similarly, the sinh-Gordon model admits a two-parameter family of solutions, as found in [262]. We
will discuss these two models in a moment.
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related to the operator O.

Let r™»(f) be a minimal solution of (4.13). What would be its deformed version in
the presence of a generalised TT perturbation? Following [12, 14, 218] we observe that
the equations (4.13) are linear and factorised. Therefore, we expect that the modified
minimal form factor to be of the form

et (0; ) = 1™ (0)¢ (0) (4.15)
with
va () = AZ(O)pg(=0)  and  AZ(0)e7(0) = @7 (2mi —0), (4.16)
which is solved by
20—

B 20 — i

log %(0) = o ilog AX(6) ilog ® (20) . (4.17)

However, there is a larger family of solutions. Indeed, the exponent above, can be
modified by a sum of cosh(kf) functions with k € Z, and still satisfy all requirements. We
therefore find that the most general minimal solution to (4.13) is

ra (0 o, B) = 1™ (0)¢8 (0)CF(0) (4.18)
with () given by (4.17) and

log CP(#) = Z Bsm?2 cosh(s0) . (4.19)
seS’

Thus, the solution is parametrised by parameters «, which are determined by the
deformation of the S-matrix, and B which can in principle be freely chosen.

The presence of free parameters in the minimal form factor is an issue that we already
encountered in the case of theories without boundaries, as discussed in Chapter 3, and
whose meaning is, for the time being, not fully understood. In standard IQFTs, however,
the parameters B are completely fixed by means of an integral representation, which is
always well defined provided that the functions display a good asymptotic behaviour,
namely that they decay sufficiently fast at large rapidities. In the following, we will focus
on the case of the Sinh-Gordon model, which, as in the previous section, serves both as a
fundamental building block and as a representative example for any other case one may
wish to address.

4.1.2 A New Representation for the Boundary Minimal Form
Factors

The sinh-Gordon model with Dirichlet boundary conditions was one of the examples
considered in [252| and later in [254]|. This particular choice of boundary conditions has
the advantage that the minimal form factor 7™ (6) coincides with the one-particle form
factor, that is, there are no additional poles to be included, which makes calculations
particularly simple. In this case non-vanishing form factors associated with odd particle
numbers can be identified as corresponding to the operator d,¢, where ¢ is the sinh-

Gordon field. More generally, as reported in [262], there is a two-parameter family of
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solutions for the reflection amplitudes of the sinh-Gordon model. They can be written in
terms of fundamental blocks (x)g, [2]s as

e -(0)(552)(-0) R[5, o

Recalling here the definition of the fundamental blocks® we gave in Chapter 1

sinh 1(6 + imx) tanh 1 (6 + imz)

= = — 1-— = : 4.21
(@)o sinh 1(0 — imz)’ L]o (#)o(1 =)o tanh 1 (6 — imz) (421)
The sinh-Gordon two-body scattering matrix is simply
B sinh § — 4 sin =2
SO =-=| = z 4.22
() [ QL sinhH—i—isin% (422)

with B € [0, 2] the coupling constant. Here, for the first time, we adopt an alternative
parametrisation of the coupling, using the capital letter B instead of the small b introduced
in (1.62). The two are related simply by b = B — 1. The simplest version of (4.20) is
obtained by removing the F-dependent factor and by setting £ = 0, while introducing
an overall minus sign (this is due to the particular definition of our [z]y symbol). This
corresponds to Dirichlet boundary conditions that fix the boundary field to 0. In that
special case, the amplitude (4.20) reduces to

R(@)——(—%)9<213)9<1—§)9. (4.23)

This choice also cancels out the pole of the reflection amplitude at § = %T that is
present in (4.20) due to the block (%)9. A special property of this amplitude is that for
B = 0 it reduces to R(#) = 1 which corresponds to a free boson solution (the sinh-Gordon
S-matrix reduces to 1 for B = 0). The minimal form factor solution corresponding to
this free boson case is proportional to sinh 6. In [252], the minimal form factor solution
corresponding to (4.23) was given as

, sinh 6
ming) = "7 (9, B 4.24
o) i + sinh eu(ﬂ, ) (424)
with
*d 9 h% B B
u(¥, B) = exp [—QL % (cos ?:c — 1) :1(:1121 (sinh % + sinh (1 - 5) % + sinh g)] ,
(4.25)

where ¥ = & — 0. The normalisation is chosen so that u(0, B) = 1. We have that

12
0 T s sinh” x

o0 hz .
u(9,0) = exp {—QJ de <cos vr 1) il <2 sinh g)} = —%(2 + sinh 0), (4.26)

so that for B = 0 we recover the free boson solution r™"(f) = —%sinh¢. For our
purposes however, it is interesting to emphasise the connection with free fermions instead.

3Note that there is a minus sign difference between the definitions of [x]y in [252] and ours (the same
as in[244]). Compared to [262] the blocks (x)g differ by a factor 1/2 in the definition of x.
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The sinh-Gordon model is a fermionic theory, in the sense that S(6 = 0) = —1 and if we
factor out this —1 from the S-matrix [—B/2], what remains can be seen as a CDD factor.
This means that the sinh-Gordon S-matrix is of the type (2.43) with a CDD factor given
by a sum over all odd integers and coefficients m?$ o, which are functions of B as we can
see from (4.2). Hence, according to our derivation, the minimal form factor (4.25) should
also admit a representation of the type (4.18) with (4.17). This is indeed the case even
in the presence of boundaries. Now, let

p(9, B) :=logu(d, B) . (4.27)
then, the derivative w.r.t. 9 is,
§(9,B) = h(0, B) + h(0,2 — B) + g(¥) (4.28)
with
e 9z oogh £ ginh 28 0 in %z
h(9, B) = EJ dxsm C(_)S N il and  g(0) = lj dxs,m — . (4.29)
T Jo sinh” z T Jo sinh

We have that g(1) can be easily integrated to g(9) = 2 5 tanh 19, while h(J, B) can be
computed using contour integration, along the same lines of the computations presented
in [244]. For example, we have the integral

0 e(b+ia)x ' 1+ em(b+m)
I(a, b) = foo dz Sinh2 . = Z7T(b + 'La)m s (430)
from where it follows
1 ¥ 2+ B 9 -2+ B Y 2—B ¥ 2+ B
h(¢,B) = — |I(— I(— —I(—,——)—I(—,—
0.8) = =[R20 -1 225 - -2
¥ 2+ B 9 -2+ B Y 2—B 9 2+ B
_ 4sin” I8 — 47 sin =2 sinh 9 + 7B sinh(20) (4.31)
a 47r(cosh(219) + cos =2) ' '
Integrating gives
v W sin ZF + i sinh(2¢) |
¥, B) =1 B) +1 h———l 4.32
pl¥, B) = loga(B) + log cos 27 [sm B — i sinh(20) (4.32)

1 B
+—log [cos Tﬂ + cosh 19] + - — —log 4

2 4 8 cosh(29) + cos 2

cosh 9 — sin 2% 1

4

1 1 [coshél + sin 34”] B _cosh(219) — cos ﬁ]
0g

itB z7rB

4 ) + L12<Z€

+i7T (Li2(_¢e*‘9* P) — Lig(—ie ") — Lig(ie ") + 0 — —19)

) it B

L (Lig(—e ~7) 4 Lig(e %

) = Lig(—e ™" %) — Lig(e "' %) 49 > —9) .

Here loga(B) is an integration constant which can be fixed by asymptotic require-
ments. Requiring that p(0, B) = 0 and after some simplifications, we obtain
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. m(2+B)
1 sin —==——~ B B B
loga(B) = —=log <T2SB)) —log (2 cos —W) + —1ogtan—7T
8

2 sin 8 4 4
+%(Mﬂﬁﬂﬂ—Lm5?g—fﬂ%lﬁ. (4.33)
It is interesting to consider the various contributions to (4.32):
e The contribution
log coshg = log COS% (%r - 0) : (4.34)

is such that when taking exponential of p(¥, B) it gives a factor COSh% (% — (9) in

the minimal form factor that combines with the prefactor Sisniﬁléii in (4.24) to give

_3’ sinh 6
2cosh%(%r—9) ’

Tfixed (0) = (4.35)

which is the minimal form factor corresponding to the Ising model with reflection
amplitude

R%(0) = (—%)0 : (4.36)

This is known as the fixed boundary condition of the Ising model, and corresponds
to the limit of infinite boundary magnetic field, as discussed in [83, 252].

e The contribution

i) sin % + 7 sinh(20) 20 —in 20 — im .
= log(—S5(20)) =  log ®%04(20)
[sin%—isinh(m?) i 8(=5(20)) e (26)
(4.37)
where ®1¢(6) is minus the scattering matrix of the sinh-Gordon model, which can
be seen as a CDD factor. Hence, sinh-Gordon emerges as a perturbation of the Ising
field theory.

e The remaining terms in (4.32) add up to an even function of # which admits a formal
expansion as a sum of cosh(sf) functions with s integer, both odd and even.

In summary, the minimal form factor r™"(f) introduced in (4.24) can be rewritten as

20—im

™ (0) = a(B)raxea()e” “Og(*s(ze))Cﬁ(H), (4.38)

with rgyeq(#) given by (4.35), S(6) the sinh-Gordon S-matrix and C?(f) given by
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log CP(0) = (4.39)
cosh ) + sin B“] B [cosh(Qt?) — cos @]

—lo
8 cosh(20) + cos Z2

1 B 1
=1 — +coshd| + -1
5 %8 [COS T ] 18 [coshﬁ — sin =F

1
+— (Lig(—z‘e—ﬁ—
4
—9— imB

L (Lig(—e ©) + Liy(e ™"~ ) — Lig(—e """ %) — Lig(e "% ) + 9 > —19) ,
41

)+ Liplie™"™ %) — Lig(—ie™ %) — Lig(ie™ "+ %) 4 0 > —v)

with J = 2 — 6 as before. As indicated by (4.19), this function admits a formal
expansion in terms of cosh(¢0) functions. We can show that

log CP(0) = —= log 2 — Z = cos ( ) cosh(£0)

sin <B(25 F)m > cosh((2¢ + 1)6)
(4.40)

(f(ze F)m ) cosh(2(2¢ + 1)6)
— o sin (§(2€ + 1)m > cosh(2(2¢ + 1)0) .

Comparing to (4.19) we identify the coefficients (we take the mass scale m = 1)

o=~ 3lo8(2)
cos (Z2(20+ 1)7) + (—1)*sin (£(2¢ + 1))
BQK—}-l = 2+ 1 ’
Buy = — COS(4§€7T) 7
_ cos (2(20 + 1)7) + Beos (Z(2¢ + 1)) 1 . (B
Pagsa = — 2 2020+ 1) T sin (5(284— 1)7?) .

(4.41)

4.1.3 More General Boundary Conditions

We have just seen that the simplest boundary condition/reflection amplitude (4.23) in
the sinh-Gordon theory admits a new interpretation. In can be seen, at the level of the
minimal form factor at least, as resulting from irrelevantly perturbing the boundary Ising
model with fixed boundary conditions. The fixed boundary condition corresponds to
taking the magnetic field h, which parametrises all Ising boundary conditions, to infinity.
Indeed, the most general reflection amplitude in the Ising model (1.95) can be rewritten
in terms of the blocks as

R(0) = —[klo (—%)9 , (4.42)
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Figure 4.1: The absolute value squared of the function u(0, B) := Z.er(gﬁ)e with u(9, B) =

exp p(9, B) evaluated numerically from (4.32). The colours correspond to different values
of B: B =1 (red), B=0.7 (blue), B = 0.5 (green) and B = 0.2 (black).

where £ is related to the magnetic field h as sin(rk) = 1 — % The two “simplest”
boundary conditions known as “free” an “fixed”, rewritten in blocks are

e h =0 (k= 3) with reflection amplitude

Ry (0) - (%)9 | (4.43)

This is the free boundary condition. As in the general case, this reflection amplitude
has a pole at § = %. This pole is dynamical, i.e. it changes position when changing
the value of h.

o h — ® (k — i — F), with reflection amplitude

Rz (0) = <—%)9 | (4.44)

This is the so-called fized boundary condition and it is the simplest configuration
possible. It corresponds to moving the pole away from the physical strip. Notice
that in this case the factor —[k]s — 1 while in the free case it is non trivial.

It is not difficult to generalise the construction of the minimal form factor (4.38) to the
case of generic reflection amplitudes (4.20). One viewpoint is to consider the Ising field
theory with generic boundary conditions itself as a “perturbation” of the Ising field theory
with fixed boundary conditions. Again, this is meant in the sense of how we compute
the minimal form factor. This viewpoint allows us to both generalise the Ising and the
sinh-Gordon results, to more general boundary conditions. Due to space limitations, the
treatment of minimal form factors in the sinh-Gordon model with more general boundary
conditions is presented in Appendix E.
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4.2 Complete Minimal Form Factors for Irrelevant De-
formations of IQFTs

We have finally reached the last work presented in this thesis. In [16] the problem of
uniquely determining the minimal form factor for a TT-deformed IQFT is addressed and
solved. We have seen how the representation (3.259), originally derived in [12, 13], is in
fact completely general and not merely a feature of TT-deformed IQFTs. Let us briefly
review the problem.

In the case of a deformed model with S-matrix (2.43), a two-particle form factor should
satisfy

FY(0;a) = So(0)F (—0; ) = FY (2mi — 0; x) . (4.45)

Typically there is at least one other requirement, which specifies the residue of the
form factor at the kinematic pole 6 = iw. However, if we limit our attention to solutions
without poles, then we need to consider only the two equations (4.45). Entire solutions to
these equations are known as minimal form factors (MFFs) and in the deformed theory
we will denote these as Fiin(0; o). The same equations with S, () replaced by S(6) are
satisfied by the MFF of the undeformed theory, which we will denote as F,(0):

Fmin(0> = S(G)len(_e) = Fmin(27ri - 6) : (446)

This means that the MFFs F,;,(6; &) and F,(0) are proportional to each other
through a function D, (0) which satisfies

Froin(0;0) = Do(0)Foin(0) =  Da(h) = ®o(0)Da(—0) = Do(2mi — 0) . (4.47)

Note that each of the first equalities in (4.45—4.47) define a Riemann-Hilbert problem
for the corresponding functions, with S4 (), S(0) and ®,(0) playing the role of “jump
functions” [176]. This can be used to explicitly write the solution as an integral repre-
sentation involving the logarithm of the jump function. In fact, given the S-matrix of a
massive, UV complete IQFT, it was shown in [6] that the MFF is uniquely fixed by the
combined requirements of analyticity in the physical strip Im(#) € [0, 7] and (at most)
exponential growth for 6 large (see subsection 3.1.2). The integral representation assumes
a particularly simple form in terms of the Fourier transform of the S-matrix phase as we
can see from (3.40) and (3.41). Here we present two different and complementary ways
to obtain a complete MFF for TT-deformed IQFTs.

The parameters [, are fixed by analyticity and asymptotic requirements, but also,
crucially, by the requirement that the resulting MFF is a smooth function of the pertur-
bation parameters « . For any set of parameters a we find that the function D, (0) is
given by

&s
T

s—1
1 G—Qifr sinh(s8)— cosh(n®) | 9 — cosh (s0)
Dal0) = Dalin) [] |-5¢ ()= 2 S <2isinh§) L (448)

se2Z+ —1

where ¢, is a constant (4.105). This formula can be easily generalised to other inter-
esting cases, such as the branch point twist fields (see (F.43) in Appendix F.3) and to the
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boundary case just discussed in Section 4.1 , where the deformation of the one-particle
form factor is given by /D4 (26). Note that in (4.48) and hereafter, we set the mass scale
to m = 1 to lighten the formulas.

First, we give a heuristic derivation of our result, showing how generalised pairs 6(6)-
p(0) can be constructed without relying on the existence of a Fourier transform g(¢). Then
we present an alternative but equivalent derivation of the same result, by regularising the
standard contour-integral representation of the MFF proposed in the foundational paper
[6] by Karowski and Weisz. Finally, we discuss some properties of the correlation functions
that might be obtained building on this new minimal form factor.

4.2.1 A Heuristic Derivation: MFFs and their Fourier Transforms

In this section, we are going to produce a generalisation of the integral representation of
MFFs, capable of accounting for the presence of exponential CDD factors in the S-matrix.
In fact, the representation (3.41) relies on the possibility of expressing the scattering phase
in integral form (3.40). This is not possible if the theory we are considering is a TT-
deformed IQFT, whose S-matrix is of the form (2.43) with a finite number of deformation
parameters. Our goal is then to knead (3.40) and (3.41) into a new, more general form.
Note that the manipulations we will be performing here are formal and that we will be
quite cavalier about convergence issues. As such, the content of this section is to be taken
as a heuristic derivation of our main results.

Integral Representations, Asymptotic Behavior of the S-Matrix
and Temperedness

Let us consider an interacting factorised scattering theory with diagonal S-matrix,
S(0) = ee®? (4.49)
The quantity §(6) is the phase shift and is normalised so that
5(0)=0. (4.50)

Consequently, the remaining constant € encodes the value of the S-matrix at zero rapidity
difference S(0) = €. For e = £1 we have the usual bosonic/fermionic statistics. However,
more general theories exist, such as the Federbush model [49, 183, 184] where S(0) is a
generic phase (in this example, there are also two particle types). If our factorised scat-
tering theory is a UV complete IQFT, then the phase shift can be Fourier transformed
as in (3.40). The converse is however not true. A good counterexample is the “bosonic”
sinh-Gordon model studied in [161] whose S-matrix has a well defined Fourier transform
despite the theory lacking UV completion. More general cases have been discussed in
[109]. The meaning of this statement is made clearer below.

We now discuss in more detail the conditions for existence of the Fourier transform of
the phase shift, that is the notion of tempered distribution [263, 264]. We show that the
possibility of defining the phase shift as a Fourier transform is related to its nice decaying
properties at large rapidities and that TT-perturbed S-matrices are precisely of the type
where this condition is violated.
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Let f be a function on R and consider D(R), the class of test functions on R and D’(R),
the class of distributions on R, i.e. the set of linear functionals on D(R). Explicitly, given
f:R — R and ¢ € D(R) it is possible to define a distribution”

e}
Goor= | ra)ela)ds e D®), (451
-0
Suppose that () is a smooth function satisfying the asymptotic condition
lim §(f) = 0. (4.52)
|8| >0

This means that this function and all its derivatives decay faster than any inverse poly-
nomial, i.e.,

VneN, sup|0"6™(0)| <o forallkeN. (4.53)
OeR

Therefore, §(0) belongs to the Schwartz class S(R). This implies that its Fourier transform

g(t) := foo @ e™5(0) (4.54)

w 2T

exists as an ordinary Lebesgue integral and defines a function ¢(t) € S'(R) < D'(R), the
dual to the Schwartz class, i.e. the class of tempered distributions. In particular, we also
have the inversion formula "
6(0) = f dt e~ g(t), (4.55)
—Q0
with absolute convergence of the integral due to rapid decay of ¢(t). In summary, if
5(0) € L*(R), meaning that its absolute value is Lebesgue-integrable, we can define its
Fourier transform, which will also have nice decaying properties by construction. This
is what happens for standard phase shifts. Now, consider a phase shift coming from a
TT-deformation: §(6) ~ sinh(s#). It still defines a distribution in the sense of D’'(R)
(class of distributions in R), i.e., for instance, it acts continuously on test functions with
compact support:

o}
o(0) e CP(R) —> (sinh, o) = J sinh(s0) o(6) 6 s finite. (4.56)
—0
However if we consider the real line, sinh(sf) grows exponentially as |0| — oo:
1
| sinh(s6)| ~ 56‘9'9', (4.57)

and therefore it does not satisfy any polynomial bound of the form (4.53) which is a neces-
sary condition for tempered distributions. Consequently, §(#) in this case is a distribution,
but it is not tempered; thus, its Fourier transform is not well defined within the classical
theory of tempered distributions. Indeed, the subclass of test functions £(R) < D(R)
necessary to make an integral like (4.56) convergent, can only be of two kinds: the class
of test functions with compact support £(R) = CP(R) as written above or a subclass
with a quicker exponential decay than exp s|6|:

Es(R) := {@ e C*(R) ‘ 3s > 0 such that sup ’(p(@)es‘ew < oo} c D(R). (4.58)
OeR

4Note that this symbols D and D’ have nothing to do with the function D, (#) defined earlier (4.47).
Similarly, the symbols S and &’ around equation (4.54), are distinct from the set of spins S in (2.43) and
(3.95).
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Let us now apply these ideas to the integral representation of a generic S-matrix.
Consider then the scattering phase §(f) and suppose it can be written in terms of its
Fourier transform as

[ dt ito
0(0) = = —g(t)er . (4.59)
ot
Since the phase shifts are taken to be real functions of the rapidity difference, the function
g(t) must be even: g(—t) = g(t). We can then rewrite the Fourier transform in the form
(3.40)
“ dt o
3(0) = —f —g(t)sin — , (4.60)
o ¢ s
which is the representation given earlier (3.40). In order for this Fourier transform to be
a proper function — rather than a distribution — we must demand that ¢(t) approaches
constant values at the integral bounds

gt) =gV + 0, lim g(t) = g < w0 (4.61)

[t| o0

Note that we assumed ¢(t) to be Taylor expandable around ¢ = 0 and to possess only
isolated singularities. The constants ¢g(® and ¢{*) may vanish. We can think of g(t) as a
function on the Riemann sphere C u {c0} which means that it must be either a constant
or a meromorphic function. In both cases, we can use a Mittag-Leffler expansion [265] to
write

00]
™ = +ori R ¢ 4.62
Z SE ey O = Res o], (462)

for some set of poles {+ip(n)|n = 1,...,0}. We can use the physical properties of the
phase shifts to specify the positions of these poles. In particular, we want §(#) to be
2mi-periodic. We see that (4.62) and the residue theorem — which we can use since the
integrand of (4.59) decays as t~! as |t| — o0 — imply

_p(n)o

5(0) . YO>0. (4.63)

If we want this expression to be 2wi-periodic, then we need to fix
p(n) =nm. (4.64)
In conclusion, the function g(¢) must take the following form
© 12 (n)
t g
1) = @ — _ . 4.65
9(t) =g 7;1 nm? t2 + n?m? (4.65)

The Logarithm of the MFF and its Fourier Transform
Given the integral representation (4.60), we introduce the new function
rd (0) 0) 9
1 tg(t) — tim— —1
p(d) = —— J _g()—ge Rt g—Jrebg (—i sinh 5) . (4.66)

4 t sinht 2
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Note that the Fourier integral converges as long as 0 < Im 6 < 27. We immediately
verify the identities®

plim —0) = p(ir +0) , (4.68a)

p(0) — p(—0) = is(0) + L=

5 sign(0) . (4.68b)

Consequently, we can take this function to be the logarithm of the MFF

Fain(0) = Fin (271 — 0) |
log Finin(0) = p(6 4.69
08 Frinl0) = p(0) {me(@) s (4.69)
With some manipulations® we can rewrite p(6) as follows
o¢] .
dt sin? (tlg;a) 1—e¢ 0
= p(i — T — 1 —isinh — 4.
p(0) = ptim) + [ Faln ™S TE) < oy (ising ) (@)
0

where p(ir) is a constant that can be absorbed into the normalisation of the MFF.
Using the Mittag-Leffler expansion (4.65) in the integral representation (4.59), we can
write

o0
dt 0 &g 1 (° ter
i(0) = —g(o)f sin — + Z I _— dit—"

ton —onm 2mi ), 2 4 nPm?
0 N (4.71)
© 1 L m
g 9 n|6)|
= [— 5 T %nz_:‘l e ] sign(0)

Similarly, putting together the integral representation (4.66) and the expansion (4.65), we
get

t(im—0)

0
= ON t = (O 0
i g e g .
p(f) = —— Z e J dt . + 5 log (—2 sinh 5) . (472)
0

t2 + n272 sinht

The integral can be computed by residue theorem, with contributions from a double pole
at t = imn and simple poles at t = imm with m # n. This gives’

1 Y t e t(z;rﬂ- 0) 0 (imr— 9)
— | dt - = Res
211 t2 + n272 sinht 6>0 o t=imn t2 + n27r2 snlht

—00

2nm (6_%) —1 — i~ me
i y + D (473)

®For equation (4.68b), we can use the known integral Siooo % sin % = msign(d) and

log(—i sinh g) — log(isinh g) = —imsign(h). (4.67)

6We use another known integral: {4 sgﬂgf) = Llogcosh(mz).

“Note that this integral needs regularisation: we suppose that 6 has a vanishingly small imaginary
part.
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For generic # the formula above generalised in a simple way, which can be captured by
introducing the sign(#) function in the appropriate place, giving the final result:

2772 4n ~ n?—m?2
mn (4.74)
© -1+ 0
+ % log (—2’ sinh 5) )

Let us compute the difference p(6) — p(—0) and check that (4.68b) is satisfied. Thanks
to the relation (4.67) we have that the last term in (4.74) produces the first term in
(4.71). Furthermore, the sum over m in (4.74) is symmetric under § — —6, so it does not
contribute and, finally, the remaining term in (4.74) yields the sum over n in (4.71):

2nmsign(d) (=) — 1 e 2nm sign(—6) (=) — 1
4n ‘ a 4dn

o0l _ —nlo]

(4.75)

—imsign(f)e

Recovering a TT-Like Representation

So far, the contents of this section provide a rederivation of known results. We now come
to the new conceptual step which will allow us to use these results to construct a pair
§(6)-p(0) which corresponds to IQFTs perturbed by TT. The key observation is that, for
the purpose of the above identities, the only property that matters is the parity of the
functions e ™ and sign()fe~"!%, that is, that the former is even under § — —6, while
the latter is odd. This means that we could replace these functions with others having
the same parity properties and the MFF equations (4.68) would still hold. We will now
exploit this property by investigating what the most general choices for these functions
can be. We perform the substitutions

e sign(0) — £u(0), e Osign(0) — gu(0), e — h(6), (4.76)

in the series expansions (4.71) and (4.74). For simplicity, we will also take ¢(® = 0 and
e = 1 so that the term log(—isinh ) in (4.74) drops out and we have an S-matrix which
is a “pure” TT-deformation. We then have

L@ m. . . (4.77)
=5 5 | RO+ 30— @)+ X )

n? —m?
n=1 m=1
m¥#n

We want these two quantities to be, respectively, a phase shift and the logarithm of
the corresponding MFF. Clearly, only some functions f,(0), g,(f) and h,(#) will work.
We must have

d(0) +6(—6) =0, unitarity of the S-matrix ,
6(0) —o(im—0) =0, crossing symmetry of the S-matrix , (4.78)
p(0) — p(—0) = 2(5(0) , Watson’s equation ,
plimr +60) —p(mi —0) =0, crossing symmetry of the form factor .
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We then see immediately that the functions f,(#) have to satisfy the conditions

fa(@+im) = fu(—0) = —fu(0) = — [ (0 —im) . (4.79)
Watson’s equation tells us that g,(0) and h,(6) have to be even
gn(=0) = gn(0) ,  hn(=0) = ha(0) , (4.80)

and, finally, the crossing symmetry of the form factor yields the following identities®
(0 +im) — g, (0 —im) = 2mif, (0 + im) | hn(0 +im) = hy, (0 —im) . (4.81)

If we require that {f,(0)}nez+, {9n(0)}nez+ and {h,(0)},ez+ each constitute an infinite,
countable set of independent, smooth functions that satisfy the above requirements, then
we can almost uniquely fix the solution to be

fon—1(0) = —sinh((2n —1)0) , gon—1(0) = —0sinh((2n —1)0) , h,(60) = cosh(nf) ,
(4.82)

and
fon(0) =0, g2,(0) = 0. (4.83)

With “almost uniquely” we mean to say that - since the equations (4.79)-(4.81) are ho-
mogeneous - we still have the freedom to rescale each of the functions fa, 1(6), g2,—1(0)
and h,(0) by an arbitrary constant (in €) factor. For fs, 1(0) and gs,_1(6) this factor
has to be the same, due to the first equation in (4.80), and it can be reabsorbed into the
coefficients ¢™. However for the functions h,(#), it is indeed an arbitrary choice. We
can even choose it to vanish for any n. This fact is not surprising: it is the usual inde-
terminacy of the cosh terms that was already remarked in previous works [12, 13, 244].
Here, the choice we make (4.82), (4.83) is guided by the requirement that the functions
(4.77) agree, for large |0, with (4.71), (4.74) when stripped of their diverging behavior.

So, for example, we ask fo, 1(6) o sign(f)e~ =Vl 1 “diverging terms” and we see
—00
that fa,-1(6) = —sinh((2n — 1)#) fits the bill. Notice that this also means that

g =0, (4.84)

Thus, we have found that the following functions (we now add an index « to include the
parameter dependence)

da(0) = — Z Qg1 sinh((2n — 1)0) |

n=1
) im— 9 o Z cosh((2n—1)0) 1 i m cosh(m#) (4.85)
o = Qop— - b :
P 2 o Tren—1) w 2 en—npom
1 g(2n71)
Gt T o an— 1

constitute a valid §(0)-p(#) pair. Notice that the form of the phase shift is exactly that
of the TT-deformation (2.43). However, the MFF is different from that found in [12, 13|,

8Here we are assuming that each term in the series — also in the double series — appearing in the
equations (4.78) has to vanish independently.
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in the sense that the coefficients of the cosh(nf) terms are not arbitrary, but related to
the same «,, appearing in §(¢). This form complies instead with the expression for the
sinh-Gordon MFF derived in [244]. In fact, (4.82) is not the only possible set of smooth
functions we could choose. Setting h,(6) = 0 for all indices n € Z is also an alternative
choice that satisfies all the conditions. This choice reproduces the results of [12, 13|, when
all free parameters are set to zero. We argue that the MFF in (4.85) is a more natural
choice, for at least two reasons. First of all, by construction, it reproduces the MFFs
obtained from the integral representation for UV complete IQFTs.

Secondly, as a function of n = %=, the logarithm of the MFF in (4.85) has more

desirable asymptotic properties than most of the possible solutions found in [12, 13]. Let
us look at a simple case to illustrate this fact.

4.2.2 The TT-Deformed Ising Field Theory

Let us take the simplest possible factorised scattering theory, a massive free fermion, with
S-matrix S(0) = —1. Let us perform a basic T'T deformation of this theory. Then the
scattering phase becomes

S5in8(9) = —arsinh @, e=5(0)=-1. (4.86)

From the general formula (4.85), we find the logarithm of the MFF to be

. 0\ ir—6 - h(mé
paé(0) = log (—z’ sinh —) - WQ asinh 0 + % cosh 6 — & Z m cosh(mf)

2 T T~ 1-—m?
0 T — 0 0
=log | —isinh = | — o asinhf — — — % coshd log(—4sinh? %) (4.87)
2 2 2r 27 2
= log (cosh W—”) _ & [1 + mn sinh(7n) — cosh(mn) log (4 cosh? W_ﬁ)} ,
2 2w 2
where we now reinstated the “Ising term”? log (—i sinh g), since e = —1. We introduced

the variable n = G_T”. This function decays nicely for |#] — oo in the whole strip 0 <

Im 6 < 27, for both « positive and negative, as can be seen in Figure 4.2. Figures 4.3 and
4.4 show a comparison of the MFF obtained from (4.87) with that derived in [12, 13], for,
respectively, Imf = i and Im# = 0. We notice how the MFF we obtained here preserves
the large-rapidity behavior of the unperturbed (o = 0) theory, while the one obtained in
[12, 13| agrees with the oo = 0 situation only in the vicinity of § = 0.

This difference in the behaviour of the deformation of the MFF is more profound
than appears at a cursory glance. The expression found in [12, 13| cannot be considered a
small deformation of the massive free fermion MFF! This was already remarked in [12, 13],
where it was observed how the deformation leads to a radical difference in the correlation
functions compared to the undeformed theory. In contrast, the expression (4.87), can
be rightfully considered a well-behaved 1-parameter («) deformation of the massive free
fermion MFF. This is immediately clear from the plot of era"(0) ip Figure 4.3. From the
plot in Figure 4.4, we see that something peculiar happens for o > 0: the minimal form
factor seems to change its # ~ 0 behaviour when « crosses the value o, = 7. In fact,

Isi ing 1
SE(0; o) = exp pling diverges as Ref) —

+oo. This is a characteristic behaviour of the massive free fermion. In non-free theories, this diverging
behaviour will be tempered by the presence of interactions.

9Notice that, thanks to this term, the minimal form factor F'
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(a) MFF for TT-perturbed massive free fermion with the inclusion of the
cosh terms, with o = 2.
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(b) MFF for TT-perturbed massive free fermion with the inclusion of the
cosh terms, with o = —2m.

Figure 4.2: Comparison of MFFs with the inclusion of cosh terms, for a positive and

negative, on different lines Imn = 0, —}1, —%, —%, —1.
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(a) MFF for TT-perturbed massive free fermion with the inclusion of the
cosh terms, as a function of ne R
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(b) MFF for TT-perturbed massive free fermion without the inclusion of the
cosh terms, as a function of ne R

Figure 4.3: Comparison of MFFs with and without the inclusion of cosh terms on the
line n € R (i.e. Imf = im).
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(a) MFF for TT-perturbed massive free fermion with the inclusion of the
cosh terms, as a function of § € R
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(b) MFF for TT-perturbed massive free fermion without the inclusion of the
cosh terms (see [12, 13]), as a function of § € R

Figure 4.4: Comparison of MFFs with and without the inclusion of cosh terms on the
line 6 € R.
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Figure 4.5: Plots of the MFF obtained from (4.87) as a function of 6 € R for various
values of o > 0.

a more careful analysis confirms this observation. Let us consider the behaviour of the

MFF FEM8(0: o) = era"* ) in the vicinity of n = 0 and 6 = 0.

min

Fans(0;0) ~ =5 4 00,
Isi ! 1 1 e « (0% 1 <488>
Fane(0:0) ~ (09 Fe s [1+ 2(-0%)3 + 0(6%)] .

We immediately see that the behaviour at  — 0 is qualitatively the same for any
value of a: the MFF is a finite, a-dependent constant. On the other hand, we see that at
0 = 0, the behaviour of the MFF radically depends on the value of a: if o < m, it vanishes
(as happens for the undeformed case), while for v > 7 it diverges (reaching a constant in
the limit case a = a, = 7). The situation is portrayed in Figure 4.5.

Notice that the critical value o, = 7 is theory-dependent. In this case, it results from
the fact that the MFF of the Ising field theory is —¢sinh g, as we see for instance in
equation (4.87). The general statement is that if the leading asymptotic behaviour of the
MFF of the unperturbed theory is:

Fmin<9) 9:0 0" ’ (489>

for some constant x € R, then, the MFF of the TT-perturbed theory will have the
leading asymptotics

Frin(6; ) ~ 9" (4.90)

—

so that there is a critical value o, = k7 above which the MFF develops a pole of order
2 —r at 0 = 0. In the Ising field theory we simply have x = 1. The more general case of
a single spin-2n — 1 irrelevant perturbation is considered in Appendix F.

141



4.2.3 Alternative Construction from the Karowski-Weiss Approach

In subsection 3.1.2 we saw in detail the standard construction [6]. What happens if we
try to implement it in our case? That is, consider an S-matrix of the type (2.43) and
let Dy (0) be the deformation of the corresponding MFF' | as defined by the equations
(4.47) whose general solution we wrote in (3.259). The main property of the CDD factor
®,(0) is that, at large rapidities it does not tend to a constant. Therefore in general we
have Dy (0) ~ exp (exp s*|0]) for Re(d) — oo and s* the largest spin in the sum (2.43).
This means that if we follow again the Karowski-Weisz construction we find the following
asymptotics of the function w(R + iy) defined in (3.36)

es* IR

~ s eF-DIR|
oF o € . (4.91)

log Do (R + iy)
sinh® 2(R — 0 + iy)

So we can no longer argue that the vertical contributions to the integral are vanishing
and this is also the reason why these kind of solution was excluded from their construction
(3.29). We can think of two ways, possibly related to each other, of solving this problem:
the first consists in finding an appropriate choice of contour such that the exponential
growth of the function on the real axis can be mitigated. The second comes from the
freedom given by the equations in (4.45) regarding the choice of the MFF. As noticed in
the previous chapter, we can always multiply a given solution by some function Cg(6)
given by (3.95). Let us call this modified solution Dy (6). An appropriate choice of this
function, which means a choice of the parameters 3, will ensure that

log Do (R + iy)
sinh® 1 (R — 6 + iy)

=o(1) as R — oo, (4.92)

The additional parameters 3, if chosen wisely, can enforce the double-exponential
asymptotics of the MFF as we saw for instance in (4.4) in the case of the sinh-Gordon
model. The idea is therefore to regularise the usual integral representation by imposing
this asymptotics.

log S(z)
sinh? %(z—@)
that log(S(z)) is analytic everywhere inside and on the contour and z, is a pole of the
denominator, we have that the residue at the pole is given by

Notice also that in general, given an integrand /(z,0) = over a contour such

Res (I(2,0), z,) = 40, [log S(2)],_, - (4.93)

As observed previously, the poles are exactly at z, = 0 + 2win, forn =0,1,2,.... If
we consider again the contour C' above, including the pole at zy = 6 we get

ffdz 1(2.0) = 42, [log S(=)1., . (4.94)

Instead of deforming the contour we will see in the next section that imposing the
asymptotics above is sufficient to find a closed solution that fixes the MFF completely.
Not coincidentally the term that regularises the integral representation is proportional to
contributions of the form (4.94).

10Tn (3.259) we wrote the most general solution to these equations, namely Dq () = o (0)Cg(6).
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A Solution

The main problem in defining a complete MFF for a generalised TT-deformation comes
from the distinct properties of the CDD-factors. We cannot expand them in terms of
a Fourier series, therefore we need to start from an integral representation of the type
(3.39). In practice, it is more convenient to start from an equivalent representation which
involves log S(z) explicitly. This kind of representation appears in [266]:

1 * tanhlnS(¢
p(9)=,—cosh2€f a2 (t)

for 0 < Im(f) < 27. (4.95)
i 2

o cosht—coshf’

The integrand reproduces exactly the same pole structure of (3.34) but it can also be
shown to be equivalent to (3.41) once we invert the Fourier transform. Let us consider
®,,(0) as defined in (2.43). We have

1 6 (© tanhi In®,(t)
log Do (f) = —cosh? = | dt 2
08 Da(6) = 7 cos 2 JO cosht — cosh 6

1 5 0 JOO o, tanh £ sinh st
= ——cosh” = dt 2 : 4.96
™ 2 S;S 0 cosht — cosh 6 (4.96)
This integral is not convergent because of the asymptotics of the sinh(st) function,
however it can be easily regularised by replacing sinh(st) by —e™*'. This amounts to the
regularisation prescription

1 o~ tanh % .
log Do (f) = —cosh® = | dt i In @4 () — 0 In Oyt 4.
o8 Da(0) i QL cosht — cosh 6 (n (t) = G In Do )) ’ (4.97)
where R o
Inda(0) = —i > —sinh(sh). (4.98)
s
se2Zt -1

Let us see explicitly how this prescription leads to the same formulae found in the previous
section. For |Re(f)| < Re(t) the integrand can be expanded as a long-wave expansion in
0 [151, 266] giving

cosh? g tanh % &
- h(m@) + (—1)" ] e ™. 4.
cosht — cosh @ m2=1 [COS (mf) + (1) ] ¢ (4.99)

Consider next the case of a single perturbation of spin s. We get then

0 0
log D, (0) = O [cosh k6 + (—1)" ] J dte”™" sinh st . (4.100)
Q m=1 0

We are left with the computation of a simple integral

S

Q0
J dte”™" sinh st = , (4.101)

o m2 — g2
which is only well defined away from the simple pole at m > s. This means that we
need to regularise the infinite sum in & of (4.99) by subtracting the pole. We can do this
by modifying (4.101) to
S m 1

. - (4.102)

— 52 m+s’

m2—s2 m
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which is equivalent to the prescription (4.97) for each term in the sum in s. The
regularised version reads

o, < cosh(mf) + (—1)m+!

log Do, (0) = = )

™

(4.103)

m—+ s
m=1

Let us consider carefully the various contributions to this sum, taking care to compare
them to the result of Appendix F. First, we have the constant

© 1)m+1 B © (_1)m+1
mZ—l m+t s _m§+1 m

1
= —log2+ = + ¢, (4.104)
5
where ¢,'! and s is odd. is a constant given by

Cos—1 = Z
m=1

Then we have the sum involving cosh(m#). It is useful to consider the two terms in
(4.102) separately and exclude the problematic value m = s. We compute

m+1

—~ 1
and 625_1 = Z E (4105)

E\ scosh(mf) % s cosh(mé) - scosh mb)
5 o) st § semin)
m#£s m= m=s
The infinite sum can be computed to
2 scosh(mb) ‘3 scosh(mf) 1 cosh(sf) 6 —ir
SCOSMI) N 2SI . inh 41
m_ZS:H —— mz_ll - R— + 7% + s 5 sinh(s#) , (4.107)
so that
> scosh(mf) 1 cosh(sf) 6 —in
——" = — — inh(sf) . 4.1
mz_l p—— 5 T T i 5 sin (s6) (4.108)
m#s

The other sum in (4.102) was computed in (F.5). In addition, we have the m = s

cosh(s@
2s

term coming from the cosh(m#) sum in (4.103) which is simply — and cancels with

contributions from the sums above. Putting everything together with s = 2n — 1 we get

6 —i n—
log D, .(0) = 27:”@2”_1 sinh((2n — 1)0) + 2271 (“log 2 + can1) (4.100)
2n—2
Qop—_1 cosh(m@) Oon—1 . o0
- mz_:l 51— o- cosh((2n — 1)0) log | —4sinh 3) -

H1Gee the alternative derivation in Appendix F for the details.
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Compared to the general solution (F.6) without the Ising term, we see that they are
identical up to normalisation constants. These are not important in applications, since
the MFF is ultimately normalised by its value at iw. Generalising to any number of TT
perturbations and employing the standard normalisation we can write the general formula
(4.48). If we compare this solution to the general formula (3.259) we wrote in [12, 13|, we
have that the 3-dependent part in (3.95) is now fully fixed to

1 CS—Sil cosh(m#) 0 —cosh (s6) | =
Cs(0) = Ca(im) H —5e m s—m (2@' sinh 5) : (4.110)

se2Zt—1

and ¢4 (0) is the same function as in (3.94). This construction can be easily extended
to branch point twist fields, which satisfy slightly different form factor equations [185, 14].
We discuss this case in Appendix F.3.

4.2.4 Correlation Functions and their Asymptotic Properties

One of the main uses of the form factor program is for the computation of correlation
functions of local fields in the ground state. Such correlators can be expanded in terms
of integrals of the absolute value squared of the form factors. In the previous chapter,
following our papers [12, 13] we argued that the correlation functions resulting from a MFF
where the function Dg(6) is chosen as Dy (f) = e 2+ @5"h¢ will contain integrals whose
integrand contains the absolute value of this function squared, that is, e sinhb  Thig
function grows extremely rapidly for |f| large and o > 0 and decays extremely rapidly
if @« < 0. Therefore, there are very different physical properties in these two regimes, a
feature that is (qualitatively) in line with what is expected from the TBA analysis [106].

Consider instead the new function (4.48). For simplicity, let us take s = 1 and oy = «
so that we have a single TT perturbation and a single perturbation parameter. The
absolute value squared gives

1 f ~2cosho B
|Da(0)|? = |Dy(in)|? [Z efsinhd <2sinh 5) ] : (4.111)

and for |0| large we have
1 - .
Pu(O)F ~ Dalim)?| et | = iDafimpPas (4.112)

which is a constant. This is a radically different asymptotics compared to what we de-
scribed previously. This means that the leading asymptotics of the MFF is dictated by
the asymptotics of the MFF of the unperturbed theory, and little can be said about the
short-distance scaling of correlators if we do not know the full two-particle form factor.
However, from the asymptotics we no longer expect to see a marked difference between
the « positive and negative cases. There is, however, an important difference in the be-
haviour of the minimal form factor depending on whether @ > 7 or a < 7. In particular,
if we consider a TT-perturbation of the Ising field theory so that

. . ol1 . g|~2cosho =
|FBM8(0:0)|2 = |FS(im; a)|? sinh? 2 [Z ef/sinh? 251nh§
‘ Y ebgire ' 0 2(1—%cosh9)
= |[Fam(ima)[*4" = ex 251nh§ ; (4.113)
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we see that for o < 7 the function has a zero at # = 0 while for a > 7 it has an (unphysical)
pole at 6§ = 0. We see these properties numerically in Fig. 4.5. The presence of a zero
at # = 0 is common with many other IQFTs such as the Ising and sinh-Gordon models.
However, the presence of a pole is unphysical and is an indication that the critical value
a. = 7 represents a transition point between two quite different theories. Interestingly,
this kind of transition also occurs for UV-complete models and can be seen for instance
when comparing the MFF of the sinh-Gordon model [170] with the MFF of the Lee-Yang
theory [267]. Indeed, the S-matrices of these two theories are very similar, yet the MFF
of the Lee-Yang model with the standard construction would also have a zero at 6 = 0.
A resolution of this problem was put forward in [267] which consists of multiplying this
“natural” MFF by a function that cancels the pole, while still producing a MFF that is
consistent with all axioms and asymptotic requirements.
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Conclusion

The objective of this thesis was the adaptation of the Form Factor Bootstrap Program
(FFBP) to integrable quantum field theories (IQFTs) deformed by generalised TT-type
perturbations. We can affirm that the results obtained are encouraging, although not yet
fully conclusive. Indeed, so far the only object that we have been able to compute exactly
is the minimal form factor (MFF). Nevertheless, this represents a solid starting point for
the extension of the FFBP to deformed IQFTs.

Although the basic structure of this MFF has been identified in previous work |12,
13, 14, 244, 15] for various types of fields and theories, uniqueness of the solution has
been established only recently [16]. We find that the MFF of a TT-pertubed IQFT can
be uniquely determined by requiring a convergent integral representation, which may be
expressed as a regularised version of the usual integral representation. The expression that
emerges from this construction has a smooth behaviour in the limit when the perturbation
parameter(s) tend to zero and reproduces the MFF of standard IQFTs (such as the sinh-
Gordon model) when the number of irrelevant perturbations is infinite and the couplings
are suitably chosen (see Appendix F.2 where the sinh-Gordon example is considered).
The formula is

Fuin (65 @) = Fuin(0)Da(6) (4.114)

where Fin(6) is the MFF of the unperturbed theory and Dy, (0) is the function (4.48),
which is generalised to (F.43) for branch point twist fields [185, 14, 218| and to 1/D4(26)
for the one-particle MFF of boundary IQFTs [15].

Although our analysis provides a way to fix the MFF which is reminiscent of the
traditional construction of Karowski-Weisz [6], it does not make the construction of higher
particle solutions any easier. In fact, the correct prescription for computing such solutions
is still not fully understood. Solving by plugging our new MFF into the standard ansatz
for models with a single particle (like sinh-Gordon [170]) and imposing factorisation (as
we previously did) leads to solutions which are not only plagued by square-root factors
(thus, points of nonanalyticity), similar to [12, 13|, but also lead to a partial cancellation
of the MFF in the form factor ansatz (this is discussed in some detail in Appendix F.2).
This second issue was not present in our earlier work because we had set the function
Cp(f) = 1 in (3.259) and worked with the simplest possible form of the MFF.

This cancellation suggests that it may not be possible for the kinematic residue equa-
tion as it is, the standard form factor ansatz with our complete MFF, and the assumption
of factorisation into a a-dependent and an undeformed part, to all hold simultaneously.
As we already discussed in Chapter 3, the locality properties of the observables are crucial,
and specifically the kinematic residue equation is underpinned by the notion of locality
(or semi-locality). The work [268] sheds some light on the validity of the standard form
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factor program. Using formal algebraic techniques, local observables for IQFTs are built
by infinite expansions whose coefficients are a sort of generalisation of the usual form
factors, coinciding with them for certain regions of the arguments. Local observables
are characterised by the analyticity properties of their expansion coefficients. These co-
efficients must satisfy a set of axioms that correspond exactly to the usual form factor
equations. Interestingly, in the conclusion of [268] it is pointed out how this result could
be “employed to prove non-existence of local observables in the sense of a no-go theorem”
by showing that for some S-matrices it is impossible to satisfy all the “axioms".

The CDD-factor (3.86) is proposed as an example of such an S-matrix. Indeed the non-
existence of local observables in these theories was widely conjectured [165, 162|, based
mainly on the failure of known algebraic and form factor methods, but this has never been
rigorously established. It would be interesting to understand if our constructive approach
can be used to prove this statement more rigorously.

As shown in Appendix F.2 a factorised ansatz|12, 13|, where the form factor is a
product of the unperturbed solution times a function of the perturbation parameter,
seems extremely natural for TT-perturbed theories but is easily shown not to produce
the correct solutions when considering more standard IQFTs, that is, when considering
the case of infinitely many irrelevant perturbations. We have checked this explicitly for
the sinh-Gordon model, where a factorised ansatz gives solutions that are distinct from
those known in the literature [170, 26] and contain square roots, as already discussed (see
Appendix F.2).

Therefore, the main result, for now, is a MFF that has good asymptotic and reduction
properties. By this we mean that growth with the rapidity variable 6 is exponential at
most and dictated by the unperturbed MFF. “Reduction" is meant in two senses. First,
that the perturbed MFF reduces to the unperturbed one when all oy, = 0. Second, it
reduces to a new functional representation of known MFFs of IQFTs when the number of
o, parameters is infinite and they take precise, theory-dependent values [244]. A special
feature of our solution is that, in the simple case of a single perturbation, say by TT,
there exists a critical value a = a, above which the MFF develops a pole of order £ — &
at # = 0, where & is a property of the unperturbed MFF. The existence of a “transition”
in the physical properties of the model seems reminiscent of what is observed in the
thermodynamic Bethe ansatz analysis (see e.g. [106, 153]), in particular the emergence
of a Hagedorn transition at finite temperature. However, there are notable differences
between the two situations and we think that they are not related. For one, the Hagedorn
transition occurs for any negative value of « (with our prescriptions), whereas for our MFF
the “transition” happens at a specific, positive value of a. Secondly, it is well known that
the Hagedorn transition is particular to the pure TT-perturbation and absent for higher
spins (unless one modifies the driving term of the TBA and considers specific generalised
Gibbs ensembles, as discussed in [202]). In our case, however, the critical point is present
for any finite number of perturbations.

The presence of a zero at § = 0 is common to many IQFTs with a fermionic S-matrix.
We find this also in the sinh-Gordon model, for instance [244], since the “Ising factor"
Sinhg is also present as a prefactor, even if the full form factor is much more complicated
than (4.113). As discussed in [244] (see also Eq. (4.2)), the S-matrix of the sinh-Gordon
model admits a formal representation of the type (2.43), with

7s+1
T o SbTW with se2Z* —1, (4.115)

Qg =
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where b is a coupling constant, a characteristic of the model. In this representation, the
unperturbed theory is the Ising model, with its MFF given just by Fin(6,0) = —isinh g.
This means that for § = 0 the sinh-Gordon model MFF has a zero of order given by

2 for beR and 0< b <1

4i5+1 sbm 1 for beR and b =1
1— S, s cos o 0 for beR and o] > 1 (4.116)
s€2Z+ — f(6p) for beC and b= @

These values reveal some interesting properties of standard IQF Ts:

e The case 0 < |b| < 1 is the natural range of coupling values for the sinh-Gordon
model. There is a zero at § = 0, which is well known from the standard MFF
representation [170].

e For b = +1 the sinh-Gordon S-matrix reduces to 1, that is, it is the free-boson limit.
In this limit the MFF of the “unperturbed" theory is no longer that of Ising but
that of a free boson, which is also 1. In other words, for b = +1 the power one of
sinhg is absent, and we have neither a zero nor a pole at 6 = 0.

e For |b| > 1 we exit the allowed values in the sinh-Gordon theory and enter a regime
which contains in particular the S-matrix of the Lee-Yang model [187]. The latter
corresponds to the choice |b| = 5/3 and is also a fermionic theory, so the power (?7?)
is present in the MFF, which is 0 at & = 0. The limit # — 0 is, in fact, a little
tricky, giving the indeterminate 0°. The known MFF of the Lee-Yang model [267]
contains a modification that avoids this singularity. In [267] a MFF was proposed

which contains an additional multiplicative factor %. This has the double

effect of canceling the singularity at # = 0 and of introducing a bound state pole,
which is necessary in this theory.

e Finally, for imaginary b, we recover the roaming trajectories model, a theory whose
RG-flow is known to visit the vicinity of infinitely many critical points corresponding
to the unitary minimal models of CFT [269]. In this case the cosine in the sum above
becomes cosh(sfy), giving a divergent sum. We can however, still make sense of (?7)
if we appeal to a property of the model, namely symmetry under 6, — —6,. Based
on this property, we can argue that we might replace cosh(sfy) — e~*I%l. A similar
kind of argument was also employed in the form factor calculations presented in
[270] and termed CPT symmetrisation. This step allows us to obtain a sum which
is convergent and gives power

2 for |6 finite,

1 for [0y — . (4.117)

6w - |
Therefore the roaming trajectories model has a MFF with a zero at the origin. The
order of the zero is just 1 in the |fy| — oo limit, which corresponds to the Ising field
theory.

Equation (4.116) shows that, for UV-complete fermionic IQFTs, the allowed S-matrices
must satisfy strict constraints leading to positive powers in the absence of bound state
poles and zero or negative powers in the presence of bound states. It would be interesting
to investigate whether one could start from these constraints and work backwards to sys-
tematically classify all UV complete IQFTs, similar to what was done via thermodynamic
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Bethe ansatz in [113].

Clearly, the main goal remains the computation of full correlation functions from the
full form factors, if they exist. The fact that the observables are almost certainly non-
local does not a priori exclude the possibility that form factors can be computed, and we
cannot end this thesis without some proposals on how to pursue this program.

The FFBP relies on a few but fundamental concepts: locality, analyticity, and inte-
grable structure. If at least one of these is not satisfied, the result is not guaranteed. In
particular, we have shown that the Karowski-Weisz procedure for constructing the MFF
can be recovered through a regularisation method. This is far from surprising in the
context we are interested in, namely that of a theory with a minimal fundamental length,
which can be interpreted essentially as a QFT on curved space-time [115, 100, 102].

On curved backgrounds it is not possible to define a tempered distribution in the same
way as in flat space, and further regularisations are required. A simple example is given
by the definition of the Dirac delta distribution in curved space-time.

Recall that in flat space the Dirac delta can be characterised as

fRd 025D () f () = (0) . (4.118)

for every test function f e S(RY). On a curved manifold (M, g), however, one must take
into account the non-trivial volume element. The natural generalisation is

|| a0 re) = 1) (4.119)

where 0,(x,y) denotes the covariant delta distribution with respect to the metric g.

The distribution d,(z, y) cannot be introduced directly as in flat space but must instead
be constructed through a regularisation procedure. Several techniques are commonly
employed in quantum field theory on curved space-times. One possibility is to use the heat-
kernel representation, where the delta emerges as the ¢ — 07 limit of the solution to the
diffusion equation governed by the Laplace—Beltrami operator [271]. Another approach,
known as point-splitting or Hadamard subtraction, is based on separating coincident
points along a geodesic and subtracting the universal short-distance singularities before
taking the coincidence limit [272]. Alternatively, in a small neighbourhood of a point
one can employ Riemann normal coordinates, where the metric is approximately flat,
and define the delta distribution perturbatively in the curvature. Other schemes, can
also be employed depending on the physical context. All these methods share the same
conceptual feature: a regulator is introduced to define the distribution at short distances,
and only after suitable subtractions can one safely remove it. This perspective connects
naturally with the Peierls quantisation scheme that we have already introduced in Chapter
0 (see Eq. (0.7)), this time upgraded to curved space-time. In this framework the Poisson
bracket of two classical observables A and B is defined as

0A

d d 0B
(A, B pens = jM N jM t'y V)] 557 A ) s (4.120)

where A(z,y) = Gret(,y) — Gaav(z,y) is the causal Green’s function of the covariant
wave operator, constructed using regularised distributions as in (4.119). Quantisation is
then obtained by promoting {A, B}peiers to the commutator —i[ A, B].

Hence, the need for regularisation in defining distributions on curved space-time is not
just a technicality: it is essential for the very definition of observables and their algebraic
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relations, and it provides a natural motivation for the regularisation methods we employed
in the FFBP for theories with a minimal length scale.

The challenge now is to adapt the kinematical residue equation (3.27) to this set-up.
The annihilation pole is a direct consequence of the LSZ-reduction formulas (see Appendix
A) for which general results in curved space-time are actually available [273, 274, 275, 271].
Moreover, the most striking and troublesome problem of having curved backgrounds in a
QFT is absent here: the theory is integrable and therefore there is no particle production.
This fact should greatly simplify the LSZ-reduction formalism in our case. Anyway, this
still seems to be a very challenging task, because, as can be seen from the form of the
MFF in (4.48), we no longer expect to have a standard kinematical pole. In fact, the
zeros (or poles) of (4.48) are both rapidity- and a-dependent. Again, this is exactly what
one would expect from a theory on a dynamical background [100, 102]. Furthermore, in
a curved background the notion of rapidity itself is not well defined, so is this even the
best way to look at things?

Another possibility, in principle, comes from the original method used by Smirnov to
obtain the form factors of the sine-Gordon model |7, 8, 9, 10]. The idea is to fully exploit
the QISM to explicitly construct the soliton and antisoliton creation operators, from which
the form factors can then be obtained. In this sense, one could attempt to build an algebra
similar to the one we proposed in (2.71), but using the standard QISM procedure. In fact,
the classical integrable structure of the TT-deformed sine-Gordon model was derived in
[102], and having the deformed classical Lax pair should, in principle, allow us to attempt
the QISM construction. The difficulty, however, is that the sine-Gordon model is already
highly non-linear, and the deformation introduces additional non-linearity even at the
classical level, exponentially increasing the complexity of the problem.
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Appendix A

LS7Z Reduction Formulas

In this section we develop the LSZ reduction formalism [34, 276]. This is a standard topic
in QFT textbooks but for us it is particularly relevant because the form factor axioms can
be derived from them. The problem is the computation of S-matrix elements between on-
shell states in generic interacting field theories. In Section 1.1 we already outlined the main
picture: on a macroscopic scale, interaction time is extremely small and therefore there is
no point in following the time evolution during a scattering event. We consider asymptotic
states (1.1.1): long before the collision, well-separated wave-packets evolve independently
and freely. These incoming states build a Fock space, the in-space associated to free fields.
Then the collision process happens and scattering, absorption and creation of particles
occur (the permitted processes are dictated by the symmetries). Long after the collision,
free wave packets separate, representing the outgoing states. These are again described
by free particles, i.e. the modes of a free out-field. Although the form of the interaction
(until it is local) is not relevant for the construction, just to give an idea, we consider a
self-interacting scalar field

1 1 A
_ - o, Lo99 4
L 28,@@ o+ 5™ 1) +—4!gz5 , (A.1)

that satisfies the equation of motion ((14+m?)¢(z) = 4¢*(x), the so-called local “inter-

polating field” of Section 1.1. In the context of canonical quantization we can construct
an in-field (out-field)

1 [ dp
2 A /2p0

that satisfies the K-G equation ((J 4+ m?)¢m(z) = 0 (same for the out field) and when
acting on states (add ref to particle states) annihilates (creates) particles and creates
(annihilates) anti-particles. The operators in (A.2) define the usual CCR algebra

Gin () = (a(p)e ™" + aT(p)eip'x) : P’ =/(p")2 +m?2, (A.2)

[a(p), ain(q)] = [a' (p),a"(q)] = 0, [a(p), aly(9)] = 2p"276(q —p),  (A3)
and the Fock space generated by the action of the vacuum defined by these operators

coincide with the space of the asymptotic initial states. We can then invert the relation
(A.2) to rewrite the CCR operators in terms of the fields
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V2P ain(p) = fdx@—im’ Pin(T)) = ZJd$(¢1n($> — ip° i ()€

(A.4)
ZPOCLIH(])) = de<€ip.x7 ¢1n(x)> = —1 f dI(¢1n(I> + Z.po(bin(x))eiip.z )
(again, same for the out-field) where
Goy=i | dals*ong — aus"9) (A5)

is the inner product preserved in the space of solutions of the K-G equation. Remember
also the normalization of the 1-particle states

) = /2% (p)[0),  Lalp) = (2p°)(2m)5(p — q) - (A.6)

Here Axiom III (1.8) enters into play. The matriz elements of the interacting field
between asymptotic states coincide except for a normalization constant, with the matriz
elements of the free fields:

. 1 .
Gin(2) = \—@tl{fjloo o),  dour() = \/—?tl}fgloo o(x) . (A7)

Again, it has to be clear that this assumption is taken to be valid only for the matrix
elements and not from an operatorial point of view (weak operator convergence). Now we
want to consider a transition from a n-particle state |p1,ps, ..., pn) to a m-particle state

|CJ1>C]27 s 7Qm>:

<q1;q27~--;Qm|p17p27~--7pn>7 (A8>

where the out-states are created by the action of alut(qi) and the in-states by the action
of a} (p;). From this fact follows that we can rewrite the amplitude in terms of the in/out
fields from (A.5)

<QI7Q27"‘7Qm|p17p27"‘7pn>: 2p(1)<QIJQ27"'7Qm’ajn(p1>|p27’”7pn> (A9>

= _Z.J\dajle_ipl.xl<qla qz ... 7Qm’(¢in($l) + iP?QSin(ﬂfl))‘an s 7pn>

And now, substituting the free-fields with the asymptotic limit of the interacting ones
(A7) we get

i : —1ip1-x
<Q1aq27"'?qm‘p17p27"'7pn>:_\/_Ztll_l)rzloo dxle P (Al())

X {q1,qz - .- ,Qm|(¢(l’1) + z’p%(ml))]pg, s Pn)-

Now applying the identity

Jm at dj;lsft’,) - th—g«l) &) = tEI—noo f®) (A-11)

to e P (P(x1) + ipdp(z1)) we get
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<Q17q2a'~->Qm|pl7p27"'apn> =

¢ : —ip1 T ] .
= e e g gl (6() + 002 o)

+ \L@ JdZII e P gy, o, - - >Qm|<é(l’1) + (PD2o(x1) P2y - s Puy -

We can clearly identify in the first term the asymptotic field ¢, while for the second
term we can use the fact that the asymptotic states are on-shell and therefore (p{)? =
(pr)* +m?:

<Q17QQ7 s 7QM|p17p27 s 7pn> = <Q17Q27 s 7Qm|alut(p1)|p27 s 7pn>

+ \/L? JdQlEl e—im-:m<q17 q2y - - - ,qm](q.zé(g;l) + ((p%)Q T m2)gb(x1))|p2, .
(A.12)

Therefore the first term is non-zero only if there is a ¢; = p;. This means that the
moments of the initial asymptotic state remain unaltered in the final state and therefore
the first term represent a “disconnected” contribution in the scattering process. In the
end, if we are looking at the amplitude of connected processes wee can ignore this term.
Now, integrating by parts in the second term

| e o) = - [ da (T ) olan) = - [ dnie Vo),
(A.13)

i —ip1-x
<q17q27'"aQTn|p17p27"'7pn>: \/_?Jvd%xle o 1(‘:|$1 +m2)<q1’q27'"7qm|¢(l’1>|p2""7pn>
+ disconnected terms . .. (A.14)

We removed the first particle of the in-state by substituting it with the field operator
¢(x1). Now we can do the same with the second particle in the in-state:

<Q1aq2a"'7Qm’pl7p27"'apn> =
- ijd@ e P g1, g, >Qm‘¢($1)(¢<$2) + ipg(?(%)) D3y Pn)

i Cipyw .
—— [ dm e g, [0 (B02) + 30(w2) s, Py, (A15)
N
where T here indicates a time-ordering, that in fact can be used repeatedly to sepa-
rate the disconnected contributions. Iterating this procedure n-times we get in the end,
without disconnected processes

/[: n n )
(@1:@2; -+, qm|p1, 2, - - - Pn) = (_) J(p% e it
vz) 1

X (o, + M) a1, q2s - - - | T [(21)D(2) - - D(an)] Q)
(A.16)
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where [(2) represents the Fock space vacuum state. Clearly we can do the same thing
for the out-state. The final result are the famous LSZ-reduction formulas [34]

<q1aQ2,-~>Qm|p17p27---apn> =

m

. n+m n
(\L@) H Hfdzxi e (O, +m?) Jd2yj 'Y Oy, + m?)

i=1 j=1

x (QT[¢(z1)P(@2) - D(zn) By1)P(y2) - (ym) || (A7)

that relates S-matrix elements elements, i.e. products between asymptotic states, and
connected correlation functions in the vacuum.
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Appendix B

Expectation Value of TT in Two-Dimensional
Quantum Field Theories

Consider a two-dimensional field theory of stress-energy tensor 7, . Already in [190] the
expectation value of the descendant field T'T in the Sine-Gordon model was calculated to
be

(TT) = —(O)? (B.1)

The foundational work by A. B. Zamolodchikov [90] generalizes this result to generic
non-integrable two-dimensional field theories under quite general assumptions. In partic-
ular, the expectation value in a cylinder of infinite length (Matsubara representation at
finite temperature ~ 1/R) is given by

(TT) ={TXT)—<6)X6). (B.2)
Clearly, when the radial coordinate R — oo (equivalently 7' — 0), the translation sym-
metry gets renewed and the expectation values of the chiral components go to zero and
we return to (B.1). Following [90] we prove (B.2) making some very general assumptions;
some of them concern the “local dynamics” of the field theory (L) and others concern
global geometrical aspects (G). We assume:

1. (L) Local symmetry under rotations and translations. It implies that the stress-

energy tensor is symmetric 7),, = T,,, and that it satisfies the continuity equation
0,T" =0, or in terms of the chiral components
oT(z) = 00(z), oT(z) = 00(z). (B.3)

This natural assumption implies that the physical quantities depend only on rela-
tive space-time coordinates, as one would expect from a local theory. Indeed, this
assumption is already taken into account writing an OPE for the observables of a
given model

0i(2)0;(2") = > [ Chi(z = 2)Ow(2') , (B.4)
k
where indeed the structure constants depend only on separations.

2. (G) Global symmetry under translations. For every local field O;(z), its expectation
value in the vacuum (Q;(z)) is a space-time independent constant. Follows from
(B.4) that also two-point functions depend only on separations

(0i(2)0;(2)) = Gij(z = 21).. (B.5)
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3. (G) Infinite separations. We assume it exists at least one direction, i.e. an Euclidean
vector e = (e, €), such that for any pair of fields O; and O, we have

Im(Oi(z + e0,(2) = (0.X0y). (B

Together with the assumption 2, this condition imply that the underlying geometry
is the one of an infinite plane or of a infinitely long cylinder.

4. (L) CFT limit at short distances. The short distance behavior is assumed to be
described by a conformal field theory. This assumption is necessary to make unam-
biguous the definition of the composite operator TT, which is essentially defined up
to total derivative terms.

Now, consider the following two-point functions combination

C =T ()T()) —<B(2)0(z)). (B.7)

By using (B.3), it is easy to see that 0C = 0C = 0 and therefore this combination is a
constant, independent from coordinates. Now, taking the limit, as in (B.5), we find that,
for large separations

C={(TXT)—(OX6). (B.8)

Now, what we need to prove is that C coincides with the expectation value of the
composite field TT. We expect to obtain this object from the OPE of T'(2)T(z') in the
limit z — 2/, but the main problem comes precisely from the divergencies of the OPE
itself. We will see that the term subtracted in (B.7) is exactly needed to cancel the
problematic singular terms. The continuity equations imply that

T(2)T(Z) —0(2)0(2)] = (B.9)
= (0+ 0)O(2)T(2') — (0 + 0")O(2)O(2') + total derivatives

and similarly

2 T(z)T(Z) —6(2)0(¢)] = (B.10)

=(0+ )T (2)T(2) — (0 + )T(2)O(2') + total derivatives.
If we then substitute the operator product expansions
T(2)0(z) = Y A(z = 2)0,(2),  O(2)T(2) = > Bi(z = 2)0i() (B.11)

0(2)0(7) = Z Ci(z— 2)0i(¢),  T(2)T() =) Di(z— 2)0i(%), (B.12)

where the sums involve a complete set of local fields {O;}. Now (B.9) and (B.10) read

Z OF,(z — 2)0;(%) = (B.13)
Y1 (Bi(z = 2)04(2') = Cilz = 2) 0 Oi(2))

%
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and

Z 0F(z — 2)O0;(2') = (B.14)

22 (Dilz = )00 = Aiz = )0 Ou(+))
where

Fi(z—2)=Di(z—2)—-Ci(z — 7). (B.15)

The equations above involve only derivatives of local fields and therefore any operator O;
in the expansion

T(2)T(2) —6(2)0(2) = Z Fi(z = 2)O;(2") (B.16)

can only possess a constant coefficient F; unless it is by itself a descendant of another
local operator. Therefore, the OPE (B.16) can be rewritten as

T(2)T(Z) — ©(2)0(2") = Opx(2') + derivative terms, (B.17)

for some local operator Ops. Then, from (B.17) we can define the composite field TT
as

TT(2) := Opf, (B.18)

and (B.2) follows. As discussed previously there is still a necessity to understand better
the nature of the limit z — 2’ that is taken in (B.16). This problem is related to the short-
distance nature of the theory that is furnished through assumption 4. We refer for the
original paper for a detailed discussion [90] but the main idea is to take into consideration
the case of a CFT perturbed by some relevant field ® o of dimensions (A, A) with A < 1.
In this context the field TT of dimension (2,2), can be easily recognized as a descendent of
the identity field, TT = L_,L_5I. The problem arises when certain “resonance conditions”,
between our composite field and the other fields O; in the theory are met. To evade this
problem the author impose the following “non-resonance” assumption:

if the dimendions A; ofthe fields O; in the CFT limit satisfy the condition
A;—2+n(l1—A)#0, for n=123,...; (B.19)

with the exception of A; = A + 1 (the dimension of 00®a ). There will be no resonance-
induced ambiguities in the definition of (B.18).
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Appendix C

TT-deformed Theories as QFTs on Non-
commutative Minkowski Space

In this appendix we review a formulation of quantum field theory on noncommutative
Minkowski space proposed in [165] which, when specialized to two spacetime dimensions,
naturally leads to wedge-local quantum fields and to a non-trivial factorizing S-matrix of
the TT-type (2.43). This appendix provides an algebraic and geometric reinterpretation
of the TT-deformed scattering data discussed in the main text, without assuming the

existence of point-local observables. We work on two-dimensional Minkowski space R

with coordinates z = (2%, z') and scalar product

p-x=p’2® —plat, (C.1)
and consider a real scalar particle of mass m > 0. The positive mass shell is
Hy={peR" : p*=m? p >0}, (C.2)

equipped with the standard Lorentz-invariant measure dyu(p). As in the rest of the thesis,
it will be convenient to parametrize H} by the rapidity variable 0 € R,

p(0) = m(cosh @, sinh 6), du(p) = db. (C.3)

C.1 Noncommutative Minkowski space and deformed
quantum fields

Noncommutative Minkowski space is modeled by promoting the spacetime coordinates to
self-adjoint operators z#, p = 0, 1, satisfying the commutation relations

[*@“’ iy] = Z.Q'uya (C4)

where () is a real antisymmetric 2 x 2 matrix. In two spacetime dimensions any such
matrix is necessarily proportional to the Levi-Civita tensor. We therefore fix a reference
noncommutativity parameter of the form

Q1 =« (_01 (1)) ) aeR. (C.5)

A central structural feature of the framework is that the noncommutativity parame-
ter () is not kept fixed under spacetime symmetries. Instead, one considers a family of
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quantum fields ¢(@Q, x) labelled by @) and implements the action of the untwisted Poincaré
group in such a way that Lorentz transformations act simultaneously on spacetime and on
the parameter (). In two dimensions, the Lorentz orbit of the reference matrix )1 reduces
to the two-element set {Q1, —Q1}.! We now recall the construction of the deformed quan-
tum fields. Let H denote the bosonic Fock space built over the one-particle Hilbert space
L*(H; du), and let a'(p) and a(p) be the standard creation and annihilation operators
satisfying the canonical commutation relations

[a(p),a(q)] =0,  [a(p),a’(q)] = w,d(p—q)1, (C.6)

with w, = p°. The free massive scalar field is given by

do(z) = Jd,u(p) (eip'maT(p) + e’ip'xa(p)), (C.7)

understood as an operator-valued tempered distribution. The deformation associated
with the noncommutativity parameter () is implemented directly at the level of creation
and annihilation operators by defining

a(Q,p) = e3P a(p),  d'(Q,p) = e " dl(p), (C.8)

where P, are the generators of spacetime translations on Fock space. By construction,
the deformed creation operator is the Hilbert space adjoint of the deformed annihilation
operator,

a'(@Q.p) = (a(Q.p)", (C.9)

a relation that follows from the antisymmetry of () and the self-adjointness of the trans-
lation generators P,. The corresponding deformed field is then defined as

6(Q. ) = fdmp) (7*al(Q.p) + e "*a(Q.p)). (C.10)

again in the sense of operator-valued distributions. The nontrivial structure induced by
the deformation is already visible at the level of the exchange relations satisfied by the
operators a(Q,p) and af(Q, p). For arbitrary antisymmetric matrices @, Q" and on-shell
momenta p, p’, one finds

a(Q,p)a(Q’,p) = e QW o(Q', p)a(Q. p), (C.11)
a'(Q,p)a!(Q',p) = e AW (1 )l (Q, p), (C.12)
a(Q,p)a’(Q',p') = ez QW oM Q' 1)a(Q,p) + w, 6(p — p') ex? @D (C.13)

Here we have introduced the bilinear form
pQp" = p. Q" p,, (C.14)

which controls all momentum-dependent phase factors appearing in the exchange rela-
tions. Since @ is antisymmetric, the quantity pQp’ is antisymmetric under the exchange
p < p’ and vanishes when the two momenta coincide. All nontrivial effects of the defor-
mation originate from this bilinear form. For ) = 0 this definition reduces identically to

!Given a representation of the Lorentz group L on a space X, the orbit of an element x € X is the
set O(z) = {A -z : A e L}. In the present case, the Lorentz group acts on antisymmetric matrices by
Q — AQAT, and in two spacetime dimensions this action maps Q; only to +Q;.
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the free field ¢g(x). Although the deformation enters only through unitary phase factors,
the fields ¢(Q, z) are no longer point-local for @@ # 0. The violation of locality already
appears at the level of the vacuum two-particle contribution of the commutator, which
does not vanish for spacelike separated arguments. At the same time, the fields ¢(Q, )
retain all other standard Wightman properties: they are well defined on the dense do-
main of finite particle number, transform covariantly under translations, and satisfy the
Reeh-Schlieder property? [20]. This loss of pointlike locality will be shown in the following
sections to admit a precise geometric interpretation in terms of wedge localization.

C.2 Wedge localization and geometric interpretation

The loss of pointlike locality exhibited by the deformed fields ¢(Q,z) admits a precise
geometric interpretation in terms of wedge regions of Minkowski space. In two spacetime
dimensions this interpretation becomes particularly transparent, due to the simplicity of
both the Lorentz group and the causal structure. We choose as reference wedge the right
wedge

Wy = {zeRM : 2t > |20}, (C.15)

whose causal complement is the left wedge

W) =-W; ={reR" : 2! < —]2°}. (C.16)

In two dimensions every proper orthochronous Lorentz transformation is a boost in
the z'-direction and therefore leaves W, invariant. As a consequence, the set of wedge
regions with edge passing through the origin reduces to the two-element set

Wo = {Wy, =W, ). (C.17)

A completely analogous simplification occurs for the noncommutativity parameter.
Restricting attention to the reference matrix ), introduced in the previous section, one
finds that in two dimensions its Lorentz orbit consists of only two elements,

Q= {Q1, —Q1}. (C.18)

This makes it possible to establish a canonical identification between wedge regions and
noncommutativity parameters by setting

QW) = Q1 Q(=W1) = —Qx, (C.19)

which satisfies the compatibility condition

Q') = —Q(W). (C.20)

This relation mirrors the correspondence between a wedge and its causal complement
and will play a crucial role in the localization properties of the associated fields. Using

2The Reeh-Schlieder property is necessary to ensure that the field theory is not degenerate, in the
sense that local (or wedge-local) observables are capable of generating a dense set of physical states
from the vacuum. Without this property, localization would lead to superselection sectors already at the
kinematical level, preventing a meaningful scattering theory and obstructing the interpretation of the
fields as generators of physical excitations.
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the identification (C.19), the family of deformed fields ¢(Q, x) can be reinterpreted as a
family of wedge-indexed fields on ordinary Minkowski space. For W € W, we define

dw(x) = ¢(QW), ), (C.21)

with smeared versions given by

ow(f) = fd%:f(a:) bw (), (C.22)

for test functions f € S(RY!). These fields are not localized at points; however, they
admit a natural interpretation as being localized in wedge regions. More precisely, the
operator ¢w(f) may be regarded as localized in the region W + supp f. The crucial
structural property is wedge-local commutativity. Let f and g be test functions such
that

supp f < W, suppg < —Wi. (C.23)

Then one has

[¢W1 (f)7 ¢—W1 (g)] =0 (CQ4)

as an operator identity on the domain of finite particle number. The proof relies on the
explicit form of the exchange relations satisfied by the deformed creation and annihilation
operators and on analyticity properties of the Fourier transforms of f and ¢ in the rapidity
variable. In particular, the dependence of the deformation factors only on differences of
rapidities allows one to shift integration contours in the complex rapidity plane, leading
to an exact cancellation of the commutator. As a result, the family {¢w,, p_w,} defines a
Poincaré-covariant, wedge-local quantum field theory. The weakening of localization from
points to wedges is the key structural ingredient that permits the presence of interaction
while preserving relativistic covariance and exact solvability in two dimensions.

C.3 Two-particle scattering and integrable structure in
two dimensions

We now turn to the interpretation of the wedge-local theory constructed above as an in-
teracting quantum field theory in two spacetime dimensions. As discussed in the previous
sections, in two dimensions the theory involves precisely two wedge-local fields, ¢y, and
®_w,, associated with the two noncommutativity parameters (; and —();. Their creation
and annihilation operators satisfy exchange relations whose deformation factors depend
only on the difference of rapidities. This feature is characteristic of factorizing quantum
field theories and allows for a direct identification of the two-particle scattering function.
Restricting to the reference parameter (), the deformation phases appearing in the
exchange relations are governed by the bilinear form pQ,p’ introduced in the previous sec-
tion. In two spacetime dimensions this quantity admits a particularly simple expression.

Writing
QY = ae, e =1, (C.25)

and parametrizing on-shell momenta by rapidity according to p(€) = m(cosh 6,sinh ), one
finds that p(6;)Q1p(62) depends only on the difference of rapidities. A direct computation
yields
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p(01)Q1p(62) = am?sinh(0; — 65). (C.26)

As a consequence, the exchange relations of the deformed creation operators take the
form

a'(Q1,00)a’ (Q1,0:) = ™ 50O =02) 41(Q, 05)al (Q1, 61), (C.27)

with an analogous relation for the annihilation operators. This motivates the definition
of a two-particle scattering function

S5(0) = exp(iam?®sinh §), (C.28)

which depends only on the rapidity difference. The function Sy(#) is unitary for real
f and analytic in the physical strip, and therefore satisfies the standard consistency re-
quirements for a two-particle S-matrix in relativistic integrable quantum field theory. In
particular, the absence of particle production and the factorization of multiparticle scat-
tering follow directly from the algebraic structure of the theory. From an algebraic point
of view, the operators a(Q1, p) and a'(Q;, p) may be identified with generators of a ZF-
algebra (1.45) with scattering function Sy. The resulting scattering function coincides
with the universal CDD factor induced by a TT-deformation, supporting the interpre-
tation of the latter as a purely kinematical modification of localization rather than a
dynamical interaction. In this interpretation, the wedge-local fields ¢y, and ¢_y, act
as polarization-free generators [169]: they create single-particle states from the vacuum
without inducing vacuum polarization, while their nontrivial exchange relations encode
the interaction. The resulting S-matrix acts diagonally on asymptotic two-particle states
and is given by multiplication with Sy(6; — 63). The theory is therefore interacting when-
ever a # 0, despite being constructed on the Fock space of a free scalar particle. The
interaction does not arise from a local interaction density in a Lagrangian, but is entirely
encoded in the weakened localization properties of the wedge-local fields.

In summary, the two-dimensional specialization of quantum field theory on noncom-
mutative Minkowski space yields a fully consistent example of an integrable relativistic
quantum field theory with nontrivial scattering. The model provides a concrete real-
ization of the idea that relaxing pointlike locality to wedge locality offers an alternative
mechanism for introducing interaction while preserving relativistic covariance and exact
solvability.
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Appendix D

Correlation Functions and Cumulants for
More General TT-Perturbations

In this Appendix we discuss briefly two cases: the case when o # 0 and a # 0 for some
s # 1 (that is, there are two free parameters, a generalised TT-perturbation involving TT
and a higher spin s operator), and the case when only a spin s term is present a; # 0 but
also the parameter 5, # 0 with all other as and fs equal zero.

D.1 Cut-off for a Generalised TT-Perturbation: «, a, #
0

Consider the case when two parameters in the vector ax are non-zero. We choose a; = «
and a, with s > 1. The form of the cumulants is just a special case of the general formulae
(3.158) and (3.159).

For as > 0 and any values of « (positive or negative), we can again find (for large r)
a rapidity cut-off below which convergence can be maintained. In this case, the condition
(3.161) is replaced by

9rcosh = > = sinhz + — sinh(sx), (D.1)
2 ™ T

and for large z it is the term sinh(sz) that dominates, giving the following equation for
the cut-off

2
T _ pels=de : (D.2)
A
which has solution )
1 2 — =
A=——WW, (s = 5)Y (D.3)
S — ) Qg

In other words, the contribution of the parameter «a, with larger spin dominates over the
lower one « and the above result holds whether « is positive or negative.

D.2 Cut-off for a Generalised TT-Perturbation: ay, 3, #
0

We now take a look at the cut-off for the two-particle cumulant in the case when only
one higher spin charge is present a; # 0 but we allow for the parameter 3, in (3.95) to
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be non-zero as well. In this case, convergence of the integral in the two-particle cumulant
is achieved for values of rapidity z satisfying

2r COSh% > &t sinh(sz) + 5 cosh(sz) . (D.4)
T

For large rapidities, the inequality above can be approximated by

2rm T
> (z + By
g g

)er(s2) (D.5)

The cut-off is the solution of this equation when inequality is replaced by equality and
terms are rearranged so generate an equation whose solution may be expressed in terms
of Lambert’s function. This can be done by multiplying both sides of the equation by a

factor
2rm 5 — ! Pl Gt Y (P 1 T+ UL et 5 (5-2) ; (D.6)
g 2 2 s

so that the solution is

or

which reduces to (3.165) for s = 1, 5, = 0,y = v and to (D.3) for g, = 0.
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Appendix E

A TT Picture of the Boundary Ising Model
with Generic Boundaries

Let r.(#) be the minimal form factor of the Ising field theory with generic boundary
conditions, corresponding to the reflection amplitude (4.42). The minimal form factor
should be a modified version of the solution for fixed boundary conditions such that

7 (0) = raxea(0)@x(6), (E.1)
which implies
wr(0) = =[rlops(=0),  —[rlopx(0) = @x(2mi —0). (E.2)

The task is now to compute the new function ¢, (f). Employing the standard integral
representations that can be found in many places, such as [252], we have that

® dt sinh &£
[k]o = (R)o(1— Ky — exp 2J DN (nhn 4+ sinht(1— k)b, (E3)
o Ut sinh“t
SO we can write
% dt (sinh tk + sinh ¢(1 — hi t
©x(¥) = exp QJ — (sinh i sm- (2 #)) cosh ; 1—cos— | ¢, (E.4)
o t sinh” ¢ s
where we again use the variable v = % —0. As before we take the logarithmic derivative

oy — 2 [0 i}
dd 08 Y = . e sin —
= h(9,4k) + h(9,4 — 4k), (E.5)

where h(9, k) is the same function defined earlier in (4.29). We can therefore use the
same formula (4.31) to write

B9, 4x) = Usin 2wk — 7 sin wk sinh 9 + 7k sinh(299) (F.6)
’ B 7(cosh(29) + cos 27k ) ' '
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Until now everything is pretty much the same as in previous cases. However, the sum
(E.5) simplifies greatly, so that after integration, we have simply

log ¢, (V) = Jdﬁ[h(ﬂ, 4k) + h(9,4 — 4k)] = log (cosh ¥ + sin7k) + c. (E.7)

The constant is easily fixed to ¢ = —log (1 + sin 7k) so as to ensure that log ¢, (0) = 0.
Therefore, writing everything back in terms of 6 we get

sinTk —isinhf®  sinwk — ¢sinh 8 sin 7k + isinh

L(0) = = , E.8
ox(V) 1+ sinwk sin Tk + 7 sinh 6 1 +sinmk (E.8)

or

log v, (V) = log(—[k]e) + log (sin 7k + i sinh #) — log (1 + sin7k) . (E.9)

This gives the generic factor that has to be added any time the boundary condition
is changed. In particular, for k = % we can obtain the modification of the minimal form
factor with fixed boundary conditions that corresponds to free boundary conditions in
the Ising case. Since the factor ¢, (1)) accounts for the contribution to the minimal form
factor of a generic square block —[k]y in the reflection amplitude, it can also be adapted
to deal with the blocks [£52]g and [£:1]y in the sinh-Gordon amplitude (4.20).
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Appendix F

Technical Details and Supplementary Ma-
terial to Section 4.2

F.1 The TTy, ;-Deformed Ising Field Theory

Let us now consider a generalisation of the heuristic derivation of Section 4.2 to the case
when the perturbation is a single spin-(2n — 1) irrelevant perturbation. That is:

658 (0) = —aig,_y sinh((2n — 1)) , e=5(0)=-1. (F.1)

Q2n—1

From the general formula (4.85), we find the logarithm of the MFF to be

, 0 0 —m Qo
Ising — i - ; _ 2n—1 _
Pant (0) log ( ¢ sinh 2) + 5 21 sinh((2n — 1)0) + In2n —1) cosh((2n — 1)0)
Qon_1 o  m cosh(mf) (F.2)
T = (2n-1)2-m? '
m#2n—1
The sum above can be computed as follows:
0 s—1 0
m cosh(mb) m cosh(mb) m cosh(mb)
m#s
where the infinite sum is given by
i m cosh(mf) 1 N 1 h(s6)
2 _m2 25 4s 0V
m=s+1
s—1
h(md) 1 0
+ mz_l % + 3 cosh(sf) log <—4 sinh? 5) : (F.4)
so that
0 s—1
1 1 h(mf) 1 7

29 Tmz cosh(mb) = 2T Is cosh(sf) —I—m:1 CO:_—O:%) +3 cosh(s#) log (—4 sinh? 5) :

(F.5)
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Putting everything together we have that the logarithm of the minimal form factor is

0 — i

P}f;ia (0) = log <—i sinh g) + Oop—1 sinh((2n - 1)0) e

 Qop 275:2 cosh(m@)
T 2

n—1—m
m=1

. 0
— a22” ! cosh((2n — 1)) log(—4 sinh? 5) :

™

For the purpose of studying the asymptotic properties of the minimal form factor,
it is useful to rewrite the function above in terms of the variable n, as in the previous
subsection

sing () — Jog (cosh @> — %l

o= + 7 sinh((2n — 1)7TT]):|

2n — 1

2n—2
e —1)™ cosh
| Qon Z (—1)™ cosh(mmn) (F.7)
T = 2n—1—m
Gont cosh((2n — 1)mn) log (4 cosh? ?) :
T
We then find that
. agpy_1(1—=(2n—1)2(lo con—1))
Fﬁfgg(e;agn_l) ~ e 201l 2277(;7L2—11)g2+ — +O(772)>
17*)
. a9y Qp— (2n—1)éopn—1) _
FBM8(0; g, 1) ~ [ P 1(1;:@2”711) S [1 _ iazn1f ~|—O(92)} :
6—0 2
where
2n—2 2n—2
(_1)m+1 . 1
Con—1 = Z —_— and Con—1 = Z —, (F.9)
m=1 m m=1 m

which are very similar behaviours as found for the n = 1 case in (4.90). In particular,
we find again that there is a stark change in the § — 0 asymptotics depending on whether
Q9,1 1s greater or smaller than 7. It is also easy to see that in the presence of several
perturbations the critical value will correspond to solutions to 7k — )} s a5 = 0 where &
is the value in (4.90).

F.2 Revisiting the Sinh-Gordon Model

F.2.1 Factorizing the Kinematical Pole

We already introduced the sinh-Gordon model. The two-body scattering matrix takes the
simple form

B tanh £ (9 — %)

T bl (61 )

Sa(0) (F.10)
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where B is a coupling constant that takes values between 0 and 2. The value B = 1
is known as the self-dual point. Following the notation in our introduction we have
called this S-matrix S (f). The reason for this is that there is an alternative way of
thinking about this function, namely as an S-matrix of the type (2.43) where S(0) = —1,
corresponding to the Ising field theory (Majorana fermion) and

tanh 1 (9 — %) sinh @ — 4 cos &=

(I)shG 0 _ 2 ‘ _ 2
o (0) tanh% (0+%) sinh @ + i cos & b“

‘ s+1908 75 5
= exp|—4 Z i sinh(s6) (F.11)
s€2Z+t—-1 s

where b := B — 1. This means in particular that

4(-1)" (2n — 1)7b
= F.12
Qop—1 m—1 COoSs 2 ’ ( )

and plugging these values into (4.48) provides yet another way to represent the MFF
of the sinh-Gordon theory:

FShG(9 ) 0
min \"> — —iginh = F.1
—Fgf(m a) isinh o (F.13)

4(~1)™ cos M

) n-2 o — cos n— T wen-1)
1 5= sinh(2n-1))~ & gDy g, ([ g7 ()
X H ——e ° m=1 271 o 2¢ sinh —
2 2

nez+

Employing this representation of the sinh-Gordon scattering matrix, it is possible to
show that its MFF [244] admits a representation of the type (3.259) where all values of
a and 3 are fixed by the requirements of analyticity and asymptotics (see Eq. (4.4) and
the discussion thereof.). The explicit form of this function is not needed for our current
purposes. An important property of the MFF of sinh-Gordon is that

sinh

sinh 6 + 7 cos 22 ”b

FRC(0: o) F2C (0 + im; o) =

min min (F'14>

Our aim is to find higher-particle form factors of the smh—Gordon model by employing
a factorised ansatz. We will start by separating the Ising, a and B(a) parts, using
FEnegy — sinh ¢ and’

min

2 21
O (0)CFE (0 + im) = - ! , (F.15)

\/ sinh? # + cos? %b \/ WshG (@) WshG (—0)

sinh 8 — 7 cos &2 “b

F.16
sinh 8 + 7 cos &2 ”b ( )

PR (8) (0 + im) = @zh%):\/—

From [244] it is interesting to note that only the terms involving 3, with s even contribute to obtaining
the property (F.14). This excludes all terms involving dilogarithm functions. Note also that compared
to [244] we included an extra multiplicative factor 4/2 into the definition of C’%hG (9).
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where b
TG (9) = sinh 6 + i cos % ) (F.17)

with
TG hC (9) = wshC(—9) . (F.18)
It is well known that the formula (F.14) plays a critical role in determining the higher-
particle form factors. Writing it in the factorised form above allows us to separate the
contributions related to the a parameters, 3 = B(a) parameters and the unperturbed
theory, parameters which are inherited from the representation (3.95). We will now “track”
these separate contributions into the structure of higher-particle form factors and inves-
tigate what they reveal about the form factors of TT-perturbed theories.

F.2.2 TT-like Solution of the sinh-Gordon Model
Typically, the form factors of a field O, defined in (3.99) have the structure

Ll i 4 b
1<j

where

O L0 +im, 0,01, ..., 00 a) = Gu(0,01,....0,;0a,8)Q%0,...,00 ). (F.20)

In the sinh-Gordon case we have the structure (normalisation constants can be ab-
sorved into the equation for the constants HO (c))

Gn(0,61,...,00; ) =" n+1>91_[e ( \/xyshee 6;) WG (g, —9)>
x []‘[cpgﬂ(e—ej)—é —%(—1)”1—[@31%9—9]-)%] . (F.21)
j=1 J=1

Employing the property (F.18) and the fact that ®,(0) = (®o(—0))~" (by unitarity)
we can rewrite

G(0,0y,...,0,;0,8) =i e<"+19]_[e [prshGe ) H\IIShG (6; —9]
(F.22)

These equations are equivalent to those presented in [170] and [26]. Proceeding in
this way allows us also to see how the square roots present in the form (F.21) are absent
when combining the o and 3 factors together in the sinh-Gordon model case. If we
stick with the representation (F.21) though we have a neat separation into three different
contributions: the factor 19 H?:I e% is the contribution from the Ising field theory, the
next factor incorporates the B dependence and the factor in the second line incorporates
the a dependence and, as expected, is of exactly the type found for generalised TT-
perturbed theories [12, 14]. Mixing the a and 3 factors together with the Ising factors
gives the standard solutions for the sinh-Gordon operator content. We will see in the
following that instead, imposing factorization we end up with different solutions even
though the S-matrix is still the sinh-Gordon one.
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F.2.3 A Factorized Solution

Therefore, it is natural to try to find solutions to these equations using the same methodol-
ogy as in [12, 14]. We make a solution ansatz stating that the sinh-Gordon form factors of
some “local” field factorize as the form factors of an Ising field theory times a a-dependent
part. Furthermore, contrary to our treatment in [12, 14| where we considered the case
with all 8; = 0, in the sinh-Gordon model we have parameters 3; entering the MFF | so we
need a more general ansatz. Again, we assume further factorisation into an a-dependent
and (3-dependent part. We write

where

n

7(?+2(0 + iﬂ-? 97 017 s 79n) = e(n+1)9 [H 69]'] Qn(gla s 70n) ) (F24>

j=1
which (up to normalisation) is the equation for the Ising form factors of the order field p
(for n even) and for the disorder field o (for n odd) [182]. The solution to this equation, or
rather, the full form factors are very simple and proportional to he product [ [._. tanh %

which automatically incorporates the denominator e + ¢% in (F.19). The next equation
of interest is

i<j

n

00, ,(0+im, 0,01, ..., 0, c) = [H B0~ 0,)72 — yo(~1)" [ [ ®ald — ej)%] 0%(6y,....60,; ),
j=1 j=1

B (F.25)

which satisfies the generalised T'T form factor equation discussed and solved in Chapter

3. The general solution reads

1
0F(0r,....00a) =[] | &
J

1
n
i=1

[15(65)2 =70

Sa(0i5)~12

—

<
Il
_

Sall)12 0
, (F.26)
1

—

S(05) 712

<
Il
it

as shown in (3.191). The B-dependent recursive equation instead reads

Ef+2(9+i7r, 0,01,...,0,;8(a)) =" [H \/\IIShG(Q — 0;)UshG(0; —0) =90y, ...,0,: B(a)).
j=1

(F.27)
Like in the Ising model and in its deformed version, we expect to have different sectors
dictated by the Zy symmetry: either “even” fields such as the order field 1 and the energy
field € and “odd” fields, such as o. Their counterparts in the sinh-Gordon model, which
also possesses this symmetry, should at least be in the same symmetry sector, with the
fundamental sinh-Gordon field ¢ in the “odd” sector and the trace of the stress-energy
tensor in the “even” sector. Anyway, we notice that the factor of local commutativity do
not enters equation (F.27). A solution to this equation is relatively easy to find, namely

201,00 B(a)) = on | [[ [ 4/ %05, (F.28)

i=1j=1
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where v,, is a normalisation constant which satisfies

b
Upio = COS % Up s (F.29)

which, depending on whether n is even or odd gives solutions

™\ " b\ !
var = | cos = | v and  vgpy1 = cos - vy . (F.30)

In addition to this, if we specialise to n = 2k + 1 odd and 7o = 1, we get for the
a-dependent part

2%+1 | 2k+1 Uet1
Q5 1(01, ..., Oopr1; ) = Qk\f H H PshG(9,,)1/2 + H PshG(g,) =12 (F.31)
j=1 j=1
and similarly for n even and 7o = —1. This expression is rather complicated and there
is no immediately obvious way to simplify it. In our example, we have in addition that
PG (9)PshG(—f) = 1 so we can rewrite the formula in several equivalent ways. For
example,
[Tl ] ]odco,)v2+ H@sh@ V2 = T 1+ ]esc,). (F.32)
=1\ j=1 j=1 i=1 j=1

It seems therefore that it is possible to consistently solve the form factor equations by
assuming factorisation, but the resulting solutions are distinct from those previously found
and contain square roots.

F.2.4 Another Solution

We could instead assume factorisation but separate only the Ising part from the rest.
That is, instead of (F.23) we now have

Q2(01,...,00:0) =Q%(0y,...,0)T2(01,....0, ). (F.33)

If we specialise to the sector 7, = —1 and with a sum over even particle numbers, we get
on

DY o (0+im 0,01, .. 05 ) = [H\th(e 0,) +prshG (B; —0) | T (61, ..., Oop; ) .

o - (F.34)

To solve this equation, we just need the property WG (6;; + ir) = Wh(0;;) and we find
the solution

T2y T2 whe(0,) + T2, 0 (050
HK] \/qjshG \Ijshewﬂ) )

with Cy,, a constant. Once more the solution involves roots which do not cancel out and
therefore it is distinct from the usual solutions for the sinh-Gordon model. In addition,
the factor in the denominator can be shown to cancel part of the contribution coming
from the product of MFFs. It seems clear that the Ising part of the MFF and the rest
must be considered together in order to solve the kinematic residue equation.

F’;n(ﬁl, e 79271; a) = an

(F.35)
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F.3 Generalisation to Branch Point Twist Fields

In this Appendix we present a generalisation of the results of Subsection 4.2.3 to the case
of branch point twist fields introduced in Subsection 3.2.3. For our purposes, the starting
point is the integral representation

1 0 (*  tanh=InS(1)
log Fopin(0:n) = —— cosh®? — | dt ,
o8 (0:m) i OO oy, cosh fl — cosh Z

for 0 < Im(#) < 2mn, (F.36)

which reduces to (4.95) for n = 1. Again, we can obtain this representation by inverting
the Fourier transform of the S-matrix, that is, by expressing the kernel ¢(t) in terms of
the Fourier transform of In S(¢) in the usual representation (see [185]). As we did earlier,
let us consider the deformation of the MFF resulting from a generalised TT perturbation
in its regularised form

1 0 (* tanh -
log Do (0;n) = — cosh® — | dt e
i 2n cosh % — cosh >

(m Bo(t) — & In <i>,,<9)) . (F.37)

where ®4(6) is the function defined in (4.98). Expanding for small 0| we can write

cosh? 2 tanh .- - ko m —mt
cosh i%— coshzg - Z [COSh W (=1) H] e (F.38)
n n m=1

which when substituting in (F.37) gives the simple integral

x m 1
L dte ! +s) — — g (F.39)

The resulting contribution for a given spin s is

0e]

Qg cosh(22) 4 (—1)m+!
log D,,, = — .
©8 T Z_ll m+sn

(F.40)

The sum can be performed as before and it gives a solution, with the structure (3.218)
found in [218, 14], namely

S cosh 22 g —jmn 1 0
= inh(s#) — = log [ —4sinh® — ] cosh F.41
2 m+sn 5, Sib (s6) 5 og( sin 2n) cosh(s0) (F.41)

m=1

ns—1
m@

— Z cosh —
ns — n

and the constant is

o0 0 [o’s)
( 1)m+1 (_1)m+sn+1 (_1)m+1 1
= -~ 2 = (=1)" P A— — — (=1)"
Z m + Sn Z m ( ) Z m +$TL ( ) Con
m=1 m=sn+1 m=1
- M og 2 + — — (—1)"cy, F.42
(~5)" log2 + — — (~1)""c (F.42)



Here ¢, is the same constant defined in (F.9). In summary, normalising D, (0;n) by
its value at 6 = imn we can write

ns—1 mé Qs
Da 0 1 f—imn Gt (sh)— COSh,T F(=1)"%cen 9 —cosh (s0) | =
M _ H o e 2 (s6) mZ:1 s +(=1) — |
Du(imn;n) 2(=1) " o
* ’ s€2Z+ —1
(F.43)
Setting n = 1 we recover the solution (4.48). The formulae above can be easily

generalized to real n (as opposed to n integer) by introducing integer part symbols in
some of the summation limits.
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