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Abstract. We initiate the study of TT-like irrelevant solvable deformations in
quantum field theory with boundaries and defects. For this purpose, we employ
a general formalism developed in the context of spin chains, which allows us
to derive both, the deformed bulk and boundary/defect scattering matrices of
integrable models. Using the deformed scattering matrices, we derive the flow
equation for the deformed finite volume spectrum, as well as the cylinder partition
function and the exact g-function.
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1. Introduction

The TT deformation [1, 2] has extended our understanding of quantum field theory
(QFT) in 1 + 1 dimensions. The deformed theory has a number of remarkable features
which are quite robust and universal. Although a better understanding of certain seem-
ingly pathological properties, such as the Hagedorn behavior of the density of states
and the complex energy spectrum is required, it is reasonable to suspect that such
deformations are meaningful and lead to an interesting generalization of the usual local
QFTs.

Local QFTs can have extended structures such as boundaries and defects. They are
interesting for several reasons. First, they describe real physical situations where bound-
aries and defects are ubiquitous. Second, from a more formal point of view, the defects
contain a lot of useful information on the bulk theory, see for example [3-7]. A natural
question is then how such non-local structures are modified under 7T deformation? The
goal of the current work is to initiate investigations into this direction.

We start with a special situation where both the local QFT and the boundary /defect
are integrable. The reason is that the 7T deformation preserves integrability and as a
result, such theories can be studied by the powerful toolkit of integrable models, in par-
ticular employing the scattering picture and factorized S-matrices. Such a description
is very convenient for the study of the 7T deformed integrable QFTs because the bulk
S-matrix is deformed in a simple way [1, 2, 8]. The new ingredients in the bound-
ary/defect case are the deformed boundary and defect S-matrices, which will be derived
along the lines of [9-11]. Once the deformed S-matrices are known, we can apply the
machinery of integrability to compute various important physical quantities. This pro-
cedure is universal and does not depend on details of the theory under consideration.
In this sense, the deformed quantum model is more straightforward to study than the
classical counterpart.

Another important motivation for the study of the TT deformation comes from the
theory of integrable models. It is by now known that for integrable models and CFTs,
the TT deformation is a special case of a more general family of integrable deformations
triggered by bilinear operators. Such integrable bilinear deformations lead to a novel type
of integrable models. For relativistic integrable QFT and CF'T, more general solvable
bilinear deformations with an additional U(1) current have been studied in [12-19].
Deformations involving higher conserved currents have been proposed and studied in
[20—24]. For spin chains, similar deformations have been introduced even before the T'T
deformations in [9, 10] and are called bilocal deformations, cf table 1.

Their relation to TT-like deformations was first pointed out in [25, 26]. Also in the
spin chain case deformations using ‘internal’ symmetries have been explored [27] and,
importantly for the present paper, a generalization to systems with open boundaries
exists [11]. Due to the discrete nature of the spin chain model, it is yet unknown how
to define the ‘real’ TT deformation for lattice models, which requires the conserved
momentum current. Bilinear deformations of integrable non-relativistic quantum many-
body systems such as the 1d Bose gas (non-linear Schrédinger model) have been studied
in [28-33]. For these models, the T'T deformation can be defined and it was found that
the deformation has the effect of changing the length of fundamental particles of the
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Table 1. Different types of deformations for field theory and lattice models with
the respective charges employed for their construction. For integrable models, the
momentum P = ), and Hamiltonian H = ), form part of a larger set of conserved
charges @,. Boost-type deformations can be understood as bilocal deformations
formed from the identity operator 1 and a charge @),. While it is currently not
known how to define the original 77T deformation for the spin chain case, the
so-called boost deformations have only been defined for the lattice model.

Deformation Field theory Spin chain

T Bilinear (P and H) X
Ceneralized TT | Bilinear (Q, and Q,) <> Bilocal (Q, and Q)
Boost X Bilocal (1 and @Q,)

model. The simplest deformation that changes the length of particles is the hard rod
deformation defined in [28, 29]. It turns out that the hard rod deformations can be
defined for a wide range of models including lattice models. The hard rod deformation
of spin chain models can be identified with the constrained XXZ [34-36] and folded
XXZ spin chain [37-41], which have recently received renewed interest from different
perspectives [42-44].

Integrable boundaries and defects have played an important role for integrable mod-
els. Therefore, it is of great interest to also study these novel types of integrable models
with boundaries and defects. The bilocal deformation of quantum spin chains in the
presence of integrable boundary conditions was first considered by one of the authors
in [11], where the deformed reflection matrix has been derived generalizing the bulk
approach of [9, 10]. The method turns out to be general and can be applied to other
types of integrable models including relativistic QFTs. In the scattering picture, inte-
grable boundaries and defects are uniquely characterized by their scattering amplitudes
with the particles. Therefore, our strategy is to determine the deformed boundary and
defect scattering amplitudes, which can be achieved by a natural generalization of the
method in [11]. Together with the deformed bulk S-matrix, we can compute important
physical quantities in the deformed theory. We consider two such quantities, which are
the deformed spectrum and the exact g-function (or Affleck—Ludwig boundary entropy).

The rest of the paper is structured as follows. In section 2, we give a brief review of
boundary and defect integrable QFTs. We perform a classical analysis of the deformed
Lagrangian in section 3. In section 4, we give a detailed discussion of integrable bilocal
deformations, which applies to general integrable systems including spin chains, rela-
tivistic and non-relativistic integrable quantum field theories (IQFTs). We then derive
the deformed boundary and defect amplitudes in section 5. Together with the deformed
bulk S-matrix, we determine the deformed finite volume spectrum and the exact g-
function in sections 6 and 7, respectively. We conclude in section 8 and discuss future
directions. More details are given in the three appendices.

https://doi.org/10.1088/1742-5468 /ac6251 4
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2. Boundary and defect quantum field theory

In this section, we review some general properties of boundary IQFT's following the sem-
inal paper of Ghoshal and Zamolodchikov [45]. We consider two-dimensional Euclidean
quantum field theories in flat spacetime with Cartesian coordinates (z', z%) = (z,y). To
quantize the system one has to choose the direction of time. We consider the theory
defined on (z,y) € (sp,sr) X R, where s; and sg denote the generic positions of the
left and right boundary, respectively. In the so-called open channel, one chooses the y
direction as the direction of time. In this channel, the Hamiltonian reads

H, = /SRHr(ﬁb(% y))dz — 0,1.(¢(s1, y)) + Orr((s1, ), (2.1)

with the left/right boundary function (or boundary Hamiltonian) 6, /r(t) = 0,(si/r, ).
Here, we denote the ‘fundamental’ field by ¢(z, y), and we assume that the Hamiltonian
is a local function of ¢ and its derivatives 0"¢. We could also have some boundary
degrees of freedom governed by the boundary function 6,;/r living on the x = sy r
boundary line, which is a function of ¢(x = sy /r,y) and its time derivatives (recall the
time direction is y).

It is worth mentioning that the Hamiltonian (2.1) does not have the most general
form of a bulk-boundary interaction. Following Ghoshal and Zamolodchikov [45] we
make the following assumptions:

e We consider a single scalar field in the bulk.

e There are no new boundary degrees of freedom, but the boundary function depends
only on the boundary field, which is identical to the bulk field evaluated at the
boundary.

e The boundary Hamiltonian 6 is of potential type, i.e. it is only a function of the
boundary field, but not of its derivatives.

For the rest of the paper, unless otherwise stated, we will make these assumptions for
the Hamiltonian, and we will sometimes also call the boundary function 6 the boundary
potential.

2.1. Conserved charges

We will be interested in studying deformations generated by conserved charges. Hence,
in particular in the context of integrability the space of deformations is very rich.

Bulk charges. Let us first briefly recall how integrability is realized when there are
no boundaries. It is convenient to introduce complex coordinates®

z=ux+iy, z=ux—ly, (2.2)
such that
1 : 1 :
az = 5(85 — 13y), 35 = 5(87 -+ lay). (23)
5 The corresponding metric is off-diagonal. Its non-vanishing components are 7.: = .. = 1/2, and 7 = ** = 2.
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Assuming Lorentz invariance, the conserved charges associated with the spacetime sym-
metries are fully encoded in the stress—energy tensor. Let us introduce some notation
for the components of the stress tensor in complex coordinates:

T - _T227 T - _TEE7 @ - (:) - TzE - Tzz. (24)

Here T',, is the stress tensor of the theory.

In addition to the charges associated with the stress tensor, integrable theories pos-
sess an infinite set of mutually commuting integrals of motion, which can be understood
as higher spin generalizations of the stress tensor charges. Conventionally, one can con-
struct those conserved charges in terms of some local spin-s fields Ty, and ©,, which
satisfy

82T5+1 - az(")s,]_. (25)

Here the allowed spins take values in a subset of integers and are fully determined by
the theory. Assuming parity invariance, operators with negative spin s are related to the
operators with positive spin by parity, so it is convenient to define the barred charges
as

Ts—l—l =0_,1, @s—l =T 41 (2‘6)
With this definition, the conservation equations can now be summarized as

aszH - az@s—l- 82T8+1 - azés—h (2-7)
where the spin label s is assumed to be non-negative. We shall employ this convention
in the following.

Using the local fields, we can construct conserved charges by means of contour
integrals. Defining

I / (2 Toy +d20, ), I.— / (d2Toi +dz ©..4), (2.8)
C C

one immediately sees that I, and I, are independent of the choice of the contour because
of (2.7). One recovers the charges in Euclidean coordinates by taking linear combinations
of I, and I,. For instance, the momentum and Hamiltonian are expressed as

P=-i(l,-1,), H=I5L+I. (2.9)

Similarly one obtains higher H- and P-type charges:

H=I,+1,= /'Hs(x)dx, Po=—i(I,—1I,) = /Ps(x)dx. (2.10)

https://doi.org/10.1088/1742-5468 /ac6251 6
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Here the local densities H(z) and Py(x) are defined as

Hy=To1+ 051+ Ti1+ 041, (2.11)

Py=—i (Ts+1 +0,, — T.s’+1 - és—l) . (2.12)
Conservation of the above charges follows from current conservation

OyHs = =0, Ty, 0,Ps = —0.Tp,, (2.13)
where the generalized current densities take the form

Tn, = —i (Ts+1 — 0,1 —To1 + (:).971> ; (2.14)

Ip, = —Ti1+01 —Toi1 + 0,4, (2.15)

Note that the P-type charges are only conserved in the bulk, while conserved H-
type charges can also be defined in the boundary model as described in the following
paragraph. It will also be useful to employ the universal notation

Q25 = Hoy 1, Qs 1= P 1, s=1,2,... (2.16)
Similarly we define the shifted current densities as

Jos = Ty, s Jos-1=Tpp s s=1,2,..., (2.17)
such that the conservation equation takes the form

0,Qs = —0,Js. (2.18)

Thus, for the boundary model the even charges @, are conserved, while the odd charges
Q9,41 Will only be conserved in the bulk. The Heisenberg equation for the charges, which
will be used in some of the following derivations, reads

9,9, = [H,Q,]. (2.19)

Finally, the one-particle eigenvalues of the different types of charges are denoted
according to

Qs — qs(u),  Hy—el(u),  Po—pi(u), (2.20)
where the eigenvalues of the @), split up into even and odd parts:

@25 (u) = eas_1(u), Q2s—1(1) = pas—1(u). (2.21)

Boundary effects. In the presence of a boundary, the bulk conservation law (2.7)
is not sufficient to guarantee the conservation of I, I,. For notational simplicity, we
consider a system with only one boundary and we set s;, = —o0, sg = 0. Let us compare
the conserved charges at different times. Consider say I; defined as an integral over two
different contours C; and C,, which are parallel to the z-axis but end on different points
Y1, Yo on the y axis. Taking the difference we find

https://doi.org/10.1088/1742-5468 /ac6251 7
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7 0,

=0

7 0,
=0

r=

Y2
Ifl-[f?:i/ dy (T — ©)

Y1

(2.22)
_ _ v2 _ _
I8 — 1% :i/ dy (6 —T)

Y1

for generic T, Oy, Yy, y,, i.e. the charges are a priori not conserved. A simple fix is to
choose an appropriate boundary function 6 as given in (2.1), such that

d

Txy‘x:() = = 1<T - T)‘,E:() = @

0(y), (2.23)
where 0(y) = 6(x = 0, y) is some local boundary field. Physically, the original conformal
boundary condition 7',, = 0 just means that there is no energy/momentum flow passing
through the impenetrable boundary at x = 0. The generalized boundary condition with
T, # 0 then implies that the energy flow can be absorbed by a ‘potential term’ on the
boundary. Adding 0(y), the new bulk-boundary Hamiltonian of the form

0
H:/ dz (T+T+0+06)+6(y) (2.24)
is a conserved quantity since the additional 6-term compensates the boundary

contribution.
Similarly, we can introduce generalized boundary conditions for higher spin fields,

: = = d
— I(TT+1 — T,«+1 + @,«,1 - 67“71)‘.%:0 = @9r<y), (225)
and the higher conserved charges are now given by
0
H, = / Az Ty + Toir + 6,1+ O,1) + 0,(y). (2.26)

The discussion above immediately generalizes to the case with two boundaries: one
only needs to impose the boundary condition for both, the left (L) and right (R)
boundary. Conservation of the charges requires that the boundary field obeys

9y0r1m(t) = T, (s1/m)- (2.27)

To summarize, we can construct conserved charges in the presence of the boundaries
by adding a boundary function 6, to the Hamiltonian for each boundary. At the same
time, only particular (H-type, see (2.10)) linear combinations of the two types of con-
served charges I, and I, are conserved. The odd P-type charges are not conserved in the
presence of boundaries since translation symmetry and its higher spin generalizations
are broken by the boundaries.

2.2. Open- and closed-channel picture

The boundary can be placed either in the spatial or temporal direction as is shown
in figure 1. These choices give different but equivalent descriptions of the same theory.

https://doi.org/10.1088/1742-5468 /ac6251 8
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A

A

closed channel open channel

Figure 1. Different channels for boundary QFTs. The left and right panels are the
closed and open channel, respectively.

In the open channel, the boundary is placed in the spatial direction. Without loss of
generality, we can put it at x = 0 and define the system on the left half line, as is shown
in the right panel of figure 1. The Hamiltonian in the open channel reads

0
Hopen = / dx T;Jy(fr)~ (228)

o0

Correlation functions in this channel are computed by

50| T [O1(z1,31) ... On(xN, yn)]|0)B

(O1(z1,91) ... On(2N,Yn)) = ) (2.29)
e (0]0)5
where |0)p is the ground state of H e, and
Oi(z,y) = e ¥y, 0)eHoren, (2.30)

Here, 7, means ordering with respect to the y direction.

In the closed channel, the boundary is placed in the Euclidean time direction, see
the left panel in figure 1. The Hamiltonian is the same as for a QFT without boundaries
and given by

Hclosed — / dy Tz’m(y)a (231)

o0

where T',,(x) is one of the components of the stress energy tensor 7', (x) on some
constant x slice.

Since the boundary is placed in the temporal direction, it should be understood as a
boundary state, which we denote by |B). Correlation functions of local operators in the
closed channel with one boundary at = = 0 are given by

<0\7;[O(:z:1, y1) ... O(zy, yN)HB>
(0[B) ’

(O(z1,91) ... O(zN, yn)) = (2.32)

https://doi.org/10.1088/1742-5468 /ac6251 9
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where |0) is the ground state of H sq and 7, is the time ordering. We have

Oj(,y) = e"lom10,(0, y)e M, (2.33)

2.3. Scattering picture

In this section, we will discuss how the usual scattering picture arises in integrable
theories. Deformations of the respective bulk and boundary scattering matrices will
then be discussed in the subsequent sections.

Consider a multi-particle scattering process in two dimensions. Each particle is speci-
fied by its energy and momentum, which satisfies the relativistic dispersion relation e* —
p? = m?, where m is the mass of the particle. It is convenient to parametrize the energy
e and momentum p by the rapidity variable u, defined via (e, p) = (m cosh u, msinh u).
We thus describe scattering processes in terms of the rapidities of the particles.

Bulk scattering. Integrability imposes strong constraints on a multi-particle scat-
tering process. All multi-particle processes factorize into consecutive two-to-two scatter-
ing events. The compatibility condition is that the order of this factorization does not
affect the physical amplitudes, which leads to the Yang—Baxter equation

512513523 = 523513512; (234)

where S;; = S;;(u;,u;) denotes the S-matrix of the ij two-to-two scattering process.
Here u; represents the rapidity of the scattered particle j.

Boundary scattering. In the presence of boundaries, we have to add new inte-
gredients to the Yang—Baxter equation to retain integrability. Let us first recall the
ordinary quantum mechanical scattering picture in the presence of boundaries. Consider
an incoming plane wave moving towards the boundary. If the boundary is impenetrable,
this wave must be fully reflected. For a unitary theory with a single type of particle,
the reflection amplitude can only differ by a phase from the incoming amplitude. For a
system with more than one particle type, the reflection matrix is a unitary matrix. This
boundary scattering matrix or boundary scattering phase, respectively, will be denoted
by SL(u) or Sg(u). Here u stands for the rapidity of the reflected particle and L or R
denotes the left or right boundary, respectively.

Integrability imposes non-trivial constraints on the boundary S-matrix. Consider a
two-particle scattering process, where the two particles scatter through each other in
the bulk, hit the boundary and then return into the bulk. Demanding that this process
is independent of the order of scattering, we obtain the boundary Yang—Bazter equation
for e.g. the left boundary scattering matrix Sty:

SL(U2)521 (u1 + UQ)SL(U1)512(U1 - UQ) = Slz(ul - UQ)SL(U1)521(U1 + U2)SL(U2)'
(2.35)

In addition to that, the boundary S-matrix must also satisfy the crossing and unitarity
constraints [45]. The boundary S-matrices can be obtained non-perturbatively by solving
these constraints.

https://doi.org/10.1088/1742-5468 /ac6251 10
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Faddeev—Zamolodchikov algebra. Before discussing the more general cases, let
us first review a convenient way of describing integrable scattering processes. Consider
the asymptotic states of an integrable field theory, which can be expressed in terms of
creation operators A'(u) via

U1, .oy Un)infout = AT(ul) .. .AT(un)\O) (2.36)

The in/out states are distinguished by the relative ordering of the particle rapidities: if
Uy > Uy > ... 1u, it is understood to be an ‘in-state’; if instead the rapidities are ordered
as u; < us < ... < u, it is understood as an ‘out-state’. It is worth mentioning that the
creation operators are not the creation operators of the free theory, instead they take
into account all interactions. However, a nice feature of those creation operators is that
we can describe the scattering process as in a free theory, where the creation operators
satisfy

AT(Ul)AT(Ug) == S(Ul,/U/Q)AT(/U/Q)AT(/U/l). (237)

Here the coefficient S represents the two-to-two scattering matrix. Since asymptotic
states diagonalize the local charges, we can write

[IS,AT(u)] =7 e Al (u), [L, A*(u)} =) e AT (u), (2.38)

where the v®) are constants determined by the theory.

Defect theory. A defect is a generalization of an impenetrable boundary. Quantum
mechanically, the physics is identical to the scattering off a potential barrier, where we
are allowed to have both, transmitted and reflected waves. For a unitary theory, the sum
of the modulus of the reflection and transmission amplitude is 1. The study of integrable
line defects was initiated in [46, 47].

In integrable theories it is convenient to describe integrable defects by the
Faddeev—Zamolodchikov (FZ) algebra. The reason is that the generalized FZ algebra
in the presence of a defect has the same structure as the usual asymptotic quantum
mechanical scattering picture.

The line defect separates the space into two parts, which will be called the left
and right part. We denote the FZ operators in the two parts by A'(u) and B'(u),
respectively, and we assume that the action of the defect can be described by a defect
creating operator D. The most general defect algebra is then

A'(u)D' =R(u)AT(—u)D' + T (u)D' BT (u),
D'B'(u) =R(u)D'B'(—u) 4+ T, (u) Af(u)D. (2.39)

The physical meaning of these equations is quite clear: for instance, the first equation
describes the scattering process of the left particle off the defect.
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It has been proven that the only integrable defects in an interacting theory are topo-
logical ones [48]. These defects are purely transmissive. Setting the reflection coefficient
to zero (R(u) = 0) in the previous equations, the algebra satisfied by these operators
reads

A'(w)D' =T (u)D'B'(u),  D'B(—u) =T, (—u)Al(—u)D, (2.40)

where T (u) are the transition amplitudes. For a parity symmetric theory, we have
T (u) = T, (u). The asymptotic states are given by

iy s, .oy = Al(w) - AT (ua)DTBY () .. Bi(uy)]0). (2.41)

Here, we have introduced an evident ket notation |u; v) to denote the rapidities of the
left /right side of space

One can have non-topological defects, but the price to pay is that the theory has
to be free, namely the bulk S-matrices are simply S = +1. In this case, the creation
operators A", B' are identical, and the most general asymptotic state can be written as

lu)p = a(u)|u;0) + b(w)|0iu) + c(u)| —u;d), (2.42)

where we have
T(u) = ——+, R(u) = —. (2.43)

This completes our introduction to two-dimensional quantum field theories whose
deformations will be discussed in the following.

3. Classical analysis

The purpose of this section is to perform a classical analysis of deformations of the
above family of boundary field theories. In particular, we wish to understand for which
boundary conditions the TT-deformed theories allow for integrability. We will see that
in order to preserve integrability at leading order in the deformation parameter, the
boundary potential of the undeformed theory has to be zero. More explicitly, we will
take a given bulk model and evaluate the constraints on the boundary conditions, which
arise from constructing a first higher spin charge. We will first briefly discuss the free
scalar as an illustrative example and then study the TT-deformed model. Details on the
deformed Sine-Gordon model are given in appendix A.

3.1. Lagrangian description

In order to study classical deformations it will be convenient to use the Lagrangian
description. Recall that our field theory is defined on the —z axis, by taking s =

https://doi.org/10.1088,/1742-5468 /ac6251 12
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Table 2. Given a certain bulk theory, we display the boundary conditions that are
compatible with the existence of a higher conserved charge, which is a necessary
requirement for integrability. Here in the last two rows we have performed the
analysis up to the leading deformation at O(X). The 6(¢) or §(¢,0,¢) in the right
column indicates our assumptions on the dependence of the boundary Hamiltonian
0 on the fields.

Tested Bulk Boundary
Generic Free theory Mass term type: 8 = g¢? /2

B Sine-Gordon type: 6 = ¢; cosh(ca — ¢y)
Order O(\) T'T-deformed free theory 0(¢) = 0(¢) =0, 8(¢,0,0) = 0(¢,0,0) # 0
Order O(\) TT-deformed Sine-Gordon 0(¢) = 6(¢) =0

—00, sg = 0, with the fields vanishing at x = s;. Performing a Legendre transformation
of the Hamiltonian (2.1), the action of the system can be written as

00 0
S(¢) = /_ dy/_ dI’L(gb, a/t¢) + /dy Lbdr(¢bdr); (31)

where ¢, 4,(y) = ¢(z = 0,y). Here, the boundary Lagrangian L4 is essentially the
boundary potential for(x = 0,y) defined in (2.1).

As usual, the classical equation of motion can be obtained by taking the functional
variation. In the bulk, the equation of motion is given by the usual Euler—Lagrange
equation, which does not depend on the boundary Lagrangian. On the contrary, the
equation of motion for the boundary field ¢,, depends on both, the bulk and the
boundary Lagrangian. The dependence on the bulk Lagrangian comes from the total
spatial derivative terms in the bulk (recall that these are z-derivatives in our setup). For
instance, suppose under a field variation ¢ — ¢ + d¢ the variation of the bulk Lagrangian
contains a spatial derivative term %&;(MS. After integration by parts, a boundary
term %(M -~ remains. This term, together with the usual boundary variation, will

2=0
determine the boundary condition for the field variable ¢.

Integrable boundary conditions. In order to preserve integrability, the bound-
ary potential has to satisfy the non-trivial constraint (2.25), which depends on the
form of the bulk Lagrangian. Hence, for a given bulk Lagrangian, the integrability con-
straint restricts the form of the boundary Lagrangian. In fact, following the procedure
of Ghoshal and Zamolodchikov for the Sine-Gordon model [45], we have found that in
the case of the bulk TT-Lagrangian the existence of a higher conserved charge requires
the boundary potential to be zero. Our results are summarized in table 2.
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3.2. Undeformed free scalar and compatible boundary function

In order to illustrate how to obtain constraints on the boundary function using (2.25),
let us first study the free theory for a single massless scalar field, defined on the —z axis:

00 0
s@ =5 ] dwae0or [dyoen), (32)

Here ¢4, = ¢(x = 0). Our goal is to find the most general boundary potential 6 that is
compatible with (2.25).
In order to obtain the equations of motion we consider a field variation ¢ — ¢ + d¢:

00 0
55':/ dy/ dxaﬁ¢8”5¢—|—/dyg—j§5¢

:/Zdy/i@dx(—a%)(sw/:dyamw

00
+ /dy5¢.
=0 5¢

As usual, we assume vanishing fields at infinity, such that the bulk and boundary
equation of motion are given by

00

Pop=0, 00+ —

¢ b+ 53

Conserved higher charges. For the free scalar the definition of higher charges

is actually ambiguous. For instance, using the equation of motion dd¢ = 0, where

we remind of our complex coordinates with 9 = 1(9, —i9,) and 8 = }(9, +19,), one
immediately sees that any linear combination of the form

—0. (3.4)

=0

T.= 3 . (0779)(06) (3.5)

j=0

defines an on-shell spin-s conserved current in the bulk. Here the c,; are constant
coefficients. However, not all of these linear combinations are conserved for any bound-
ary Lagrangian. We shall see how different choices of the boundary potential fix this
ambiguity.

Among the conserved charges (3.5), the T, term is the stress—energy tensor, while T’
amounts to a total z-derivative. Therefore, the first non-trivial conserved higher charge
is T'y. Comparing with (3.5), one finds that the most general form of 7', can be obtained
from the integer partition of 4 by replacing the following sets by the respective derivative
terms:

(4),{3,1},{2,2},{2,1,1},{1,1,1,1}. (3.6)

Thus, we obtain the ansatz

Ty = c,0) + c2(00) 0 + c3(0°¢)* + c4(09)?0% + ¢5(09)?, (3.7)
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where the ¢; denote general coefficients. The conjugate T'; is obtained by the replacement
0 — 0. Since we are dealing with free theories, the conservation of T, immediately follows
from the equation of motion, 89¢ = 0.

Before going into further details, let us discuss the structure of 7. The ¢; and
¢y terms are different from the others, since they are total z-derivatives. Therefore, it
suffices to consider the case where ¢; = ¢, = 0. (We will see that those terms drops out
automatically, if we take them into account.) The ¢y, c3 terms are not independent, but
related by an integration by parts, (0°¢)* = 9(0¢0°¢) — d¢d3¢, so the only physical
parameter is c3 — ¢o. We shall see that this is indeed the case.

Integrability constraints on the boundary potential. For free theories, the
©s, O, terms vanish (cf (2.5)). Based on this, we can compute the boundary contribution
(2.25) when r = 3,

—8i(Ty —T,) = A(qb)(ayqb)?’ + B(gzﬁ)aygbajqb + C’(qb)agqb + (functions of ¢) 9,9,

(3.8)
where (for V) (¢) = 8;9@5))
A(¢) = —8c10"(¢) — 4cs0?(¢) — 2¢40" () — 4es0'(9),
B(¢) = —24¢10%) (¢) — 420" (¢) — 8es8" (¢) — 4cut' (), (3.9)

I
C(¢) = —8c10"(¢) — 4c20'().
Here, we have replaced 9? using the bulk equation of motion, and we have replaced 9,
using the boundary equation of motion, see (3.4). Employing those equations we can
thus eliminate all z-derivatives at the boundary.

The last term of (3.8) is automatically a total y-derivative. For the first three terms,
we can perform integration by parts on the A, C' terms to bring them into the form of
the B term:

A0, = 5 ( / d¢A<¢>>> (0,0)"
=2 ( / d¢A(¢)> 0,09 + totaly-derivative terms,

C(9)d)¢ = C’(gzﬁ)diy(ajqb) = —C'(¢)8,00; ¢ + total-derivative terms.
(3.10)

Therefore, the condition of being a total y-derivative is equivalent to

2/d¢ (A(¢) — B(6) + C'()) = const. (3.11)
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We allow for a constant since
1
const X 9,¢(0;¢) = const x 5@, [(8,0)7] (3.12)

can also be expressed as a total derivative. Using the explicit expressions for A(¢), B(¢),
and C(¢), we find

2/d¢ A(p) — B(¢) + C'(¢) = const = (c3 — ¢2)0"(¢) — c50(¢p) = const.
(3.13)

We see that the dependence on ¢; and ¢, drops out automatically, and indeed the result
only depends on c3 — ¢y. The solutions of this differential equation for the boundary
function @ fall into three categories:

® 3 — ¢y, c; # 0: the constant term on the right-hand side just shifts the boundary
potential by const/c5, which has no physical consequences. Therefore, it suffices to
take this constant to be zero, and the solution reads

Cs

0(qb) =C cosh (ngb - qbo) y Gy = (314)

)
C3 — Co

where ¢y, ¢y denote constants of integration. This result essentially represents
the boundary potential for the Sine-Gordon theory as found by Ghoshal and
Zamolodchikov [45].

o ¢5 = 0,c3 — o # 0: the constant term on right-hand side is now important, since it
yields a quadratic contribution to the potential:

_const o
9<¢) - 2(03 _ Cg)d) + %] + C4¢, (315)

where c3, ¢, denote constants of integration. Physically they are not important, since
we can absorb them by a constant field shift. This is the boundary function discussed
in [49].

® c3 — ¢y = 0, ¢5 # 0 case: the boundary potential is a constant. Consequently, the bulk
field satisfies Neumann boundary conditions.

This completes the story of the free theory. In summary, based on the analysis of
the first non-trivial higher charge Ty, there are only two options to choose a bound-
ary potential (or boundary Lagrangian), which preserves integrability of the free bulk
scalar:

(a) If on the one hand #(¢) = g¢*/2, we find for the higher conserved charges
2

06) = 9% = Th = (0)" (3.16)
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(b) If on the other hand 6(¢) = ¢; cosh (ca¢p — ¢), the higher conserved charges take a
different form:

0(¢) = ¢1 cosh (cap — ¢g) = Ths = (09)* + %2 (0°¢)% (3.17)

2

In the following it will be convenient to distinguish between charges of the form (a)
(0°¢)? or (b) (O¢)*. Statements about their linear combinations, as e.g. in (3.17) follow
straightforwardly.

3.3. TT deformed free massless scalar

Now we proceed with a similar investigation in the context of deformed theories. We
shall restrict to the T'T case in this section.

Bulk 7T deformation. As a starting point for the 7T deformation consider the
stress tensor. For the free theory, using the general formula

oL
Tl“’ = m&,d) — 5/“"67 (318)

we find
u 1
det Ty = 2{(9:0)° + (9,0)")" (3.19)
Equivalently, in complex coordinates we have

det TP = (9p0p)>. (3.20)

pv

We assume that in the bulk the action is deformed by the conventional 7T deformation,
i.e. the deformation is defined by the equation

dSbulk / dy / dz det TH™. (3.21)

The deformed bulk Lagrangian is the Nambu—Goto Lagrangian [2]

L = 5, (V/1+43@000) ~ 1) = (2600) ~ A@0)(30)* + O,

(3.22)
It induces the deformed bulk equation of motion

$(0p)? + 92p(9p)* (3.23)

D00 =A——17 2X000¢
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and the deformed boundary equation of motion®

. 0,9 L 46
\/1 + /\[(87925)2 + (ay¢)2] d¢ .71:0.

Here 0, represents the deformed boundary potential, and we assume it is still only a
function of the bulk field, but not of its derivatives.

In the following we will identify the choices of the boundary potential which preserve
integrability, i.e. which imply that all higher conserved charges satisfy the modified
boundary condition (2.25).

Deformed higher charges. Using the deformed equation of motion and the differ-
ent possibilities for the initial (undeformed) higher charges T',(A = 0), one can obtain
the deformed higher charges:

(a) If the initial charges are T,(0) = (9¢)* and ©,(0) = 0, the all-order deformations
are known and given by [2]

T,(A) = (a‘f)s (SLH) 7 , o O50(A) = A(%);(&b) <S—2H>" (3.25)

where S = /1 + 4\0¢0¢.
(b) On the other hand, if the initial charges are T5,(0) = (9°¢)? and ©,(0) = 0, the all

order deformations can in principle be obtained, but there is no simple formula for
a generic deformed charge. The leading higher charges T4(\) and O4(\) are given

(3.24)

by [22]
C(99)* ((S = 1)'PP6 — 16)%(09) 0%\ *
) =—3 ( NS —1)(S2+ 1)(09)° > ) -
(S 12 [(S—1)10% — 16)2(3) 0%\ ‘
©:N =15 < INS — 1)(S + 1)(96)° > ‘

The conjugates T’y and O, are obtained by replacing z by Z.

Clearly, if the initial charges are linear combinations of both types (a) and (b)
presented above, as in the case (3.17), the deformed charges are given by the same
(deformed) linear combinations.

Boundary TT deformation for 8 = 0 (¢). Let us now investigate the following
boundary integrablity condition (2.25) for the first few charges:

d

— (T = Trp1 + 0,1 — 67“*1)‘:;:0 - dy

0. (y). (3.27)
Even though conservation of T’y does not correspond to integrability, we first discuss

this case for completeness. For r = 1 the above equation involves the deformed stress
tensor T'5. Note that T’y is unique, such that we can use (3.25). We immediately see that

6We have rescaled 6 by a factor of 1/2, to cancel the factor 1/2 from the first term.
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() and ©y(\) cancel out, and the non-trivial contribution at the boundary is given
by
1 _
=—— ((09)* — (0¢)*
0,$0,¢

~ V11 000900,

B df),
=00 35

_i(T2+(:)0 _TQ —@0)‘

(3.28)

It is now clear that as long as ) is a function of ¢ only, the expression above is a total
y-derivative, regardless of the functional form of 6.

The first non-trivial constraint on the boundary function €, comes from the leading
higher charge T'y. A generic all-order analysis seems rather involved, so we restrict to a
perturbative analysis at O(\). The bulk equation of motion is then given by

0;0 = =050 + X (956 [(9,0)* — (0:0)°] +20,00,¢(0,0,0)) + O(N?).  (3.29)

Similarly, we can solve the deformed boundary equation of motion. Expanding the
boundary potential in A according to

0r = 0oy + Ay + O(NY), (3.30)

we find
!/ / 1 / !/
029,y = —Og) — A (9(1) — 500 (60)” + (3y¢)2]> +O(N). (3.31)

Using those deformed equations of motion, we can analyze the deformed T4 for different
undeformed charges:

(a) If the undeformed charges are Ty = (0¢)*, using the general expressions (3.25), we
find that at O(X\) the expression only contains single z-derivatives. Substituting
0.¢, we obtain the O(\) contributions

— 21(T4 + @2 - T4 - @2) |.71:0,(9()\)

3 3
= (1(020))3 — 021)> (0,0)* + gego)(aygbf + (functions of ¢) 9,¢.
(3.32)

(b) On the other hand, if the undeformed charge reads T) = (9*¢)?, using (3.26) and
substituting 9,¢, 3¢, we find that the additional O(\) contribution is given by
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—2(Ty + 0Oy — Ty — @2)\/5:0_0@)

: 3 / ! 3 / ! !
= (functions of ¢) J,¢ + (29(0)(9(0))2(3y¢)3 _ 5(0(0))20(0) + 20(1)} ayqba;gb)

+

[\CRGV]

(6(0)(0,0)°0;0 — 0(0) (0,8)(0;0)°) . (3.33)

From the expressions for both of the above cases one immediately sees that the
five-derivative terms, namely the terms that are proportional to (9,¢)°, (9,0)(9;¢)?, or
(9,0)*(0;¢) only depend on the undeformed boundary potential 6 ). Since we are missing
a term 05¢d; ¢ to combine with 9,¢(97¢)*, we are unable to turn those five-derivative
terms into a total y-derivative. The only solution which preserves integrability is to set
00 to zero.

If we set 0 = 0, the 6(;) dependent terms now have exactly the same structure
as those for the boundary function in the undeformed theory. Hence, the most gen-
eral solution at this order is identical to the undeformed boundary function. In other
words, the boundary potential would be delayed by one order. However, since we have
found that the O(X) analysis forces 6 to vanish, it is conceivable that going to the
next perturbative order O(\?) implies that also 1) has to vanish in order to preserve
integrability. This phenomenon is actually quite general. We have verified that for the
Sine-Gordon theory, the deformed boundary potential also gets delayed, see appendix A
for details. This suggests that the most general boundary potential which is compatible
with integrability and the bulk 7T deformation is zero.

Boundary 7T deformation for 8 =6 (¢, ayq&). The result in the previous para-
graph does not necessarily exclude the possibility that the boundary potential depends
on the derivatives of ¢. In fact, we shall see that at leading order, the deformed boundary
Lagrangian can be non-trivial, if it depends also on 0,¢.

Drawing inspiration from the 7T deformed charges, we now assume that the
deformed boundary potential is a function of ¢ and d,¢. The deformed Lagrangian
takes the form

Ox = 010)(¢) + A (01.1)(9) + 012 () (0,0)*) + O(N), (3.34)

where we assume the undeformed boundary Lagrangian 0 is still of the potential
type, i.e. does not depend on derivatives of ¢. Here, we have assumed that the O(\)
terms only contain y-derivatives up to second order 85gz§, because higher order derivative
terms would contribute to (2.25) with more than five-derivative terms, which would be
inconsistent with the structure we have found. Now, the deformed boundary equation
of motion becomes

Oul,g = —0(g) — A (9(1»l>(¢)' — 012 (9) (9,0)* — 2011.2)(0)(8,0)°

500l + (0,6]) + 008 (3.3
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With the additional 6, 5 term, there will be a new five-derivative contribution propor-
tional to (93¢)(95¢) in (3.33). Combined with the problematic d,¢(07¢)* term, they can
become a total y-derivative. Explicitly, they read

/ 3
0,000 (861~ 3000 ) + (B50)(@20) 100 (3.36)
~ ~ _/ :AQ,S
=A122

Thus, the coefficients must satisfy

1
Az3(¢) — 2/d¢ Ai22(¢) = const = 019y = c12 + 19(0), (3.37)

where ¢; » denotes an arbitrary constant. What remains in (3.33) is simply a term of the
form 202’0)(8@)3(85 ). Now, we can use the explicit forms of the undeformed boundary

potential, which are compatible with integrability (see (3.16) and (3.17)):

(a) If the undeformed boundary potential reads g¢¢?/2, the remaining term
2022))(83,@3(33@ is automatically a total y-derivative. Demanding the three-
derivative terms to be a total y-derivative, we find

5 3
Oy = —3%¢4 + 0107 + 026 + 0, (3.38)

where the 0; denote constants.

(b) If the undeformed boundary potential reads ¢, cosh(cap — @), the term
20(5,(9,¢)*(0;¢) must combine with other five-derivative terms coming from the

deformed (9¢)* charge. For the five-derivative terms the condition of being a total
derivative is then automatically satisfied. Plugging this into the third-order terms,
we find a second-order differential equation for 6, 1):

2 1A
0= ;&3 sinh? (c2¢p — o) (12 — 2¢; cosh (capp — ¢p)) — 1c12(¢) (3.39)
2

The solution to this equation is easily obtained, but it is not illuminating. Therefore
we shall not present it here.

Summary. To summarize, given the TT deformed bulk Lagrangian our O(\)
perturbative analysis shows the following:

e If the boundary function only depends on ¢ and not on its derivatives, the deformed
boundary potential is delayed by one order. This suggests that for the full TT
deformed bulk Lagrangian, the only integrability-preserving boundary potential is
Zero.

e If instead we allow for derivative corrections at O(\) in the boundary function, then a
non-trivial, integrability-preserving solution for the deformed boundary Lagrangian
exists. This suggests that a non-trivial, integrability-preserving boundary Lagrangian
necessarily depends on 9,¢.
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4. Review of deformations for closed and open boundaries

In this section we discuss some general principles underlying deformations of two-
dimensional models, e.g. field theories, spin chains or the Bose gas.

4.1. Closed boundaries

Let us review the construction of [9, 10] adapted to the field theory context. We are
interested in deformations of a Hamiltonian, or more generically, a set of conserved
charges, which preserve locality” in the sense that the undeformed as well as the deformed
Hamiltonian can be written as an integral over a local density H(x):

H:/MH@. (4.1)

In the following we will focus on continuous models but similar considerations apply
to discrete spin chains, where integrals are replaced by lattice sums. A general class of
deformed Hamiltonians H, is defined via a parallel transport equation of the following
form:

d
where the deformation operator X also depends on A, but we omit it systematically
for simplicity. For an integrable model, such deformations preserve integrability if the
integrable charges @), are deformed by means of the same deformation equation as the
Hamiltonian. Deformations that preserve locality in the above sense are conveniently
introduced using the notion of bilocal operators defined as

[A|Bluosed = / " s / " ey A1) Blas) — @—— . (4.3)

Here A and B represent two local operators in the above sense and s, and sg denote
the positions of the left and right boundary, respectively. For the infinite line we have
si/r = Foo. The label ‘closed’ indicates that we will slightly refine this definition of a
bilocal operator in the context of open boundary systems. While the introduction of the
above bilocal operators may seem ad hoc at first sight, it is motivated by the following
fact: for spin chains it has been shown that this class of deformation generators exhausts
the complete space of integrability preserving deformations found for closed [51] and
open [52] gl(NNV) chains, as well as in the XXZ case [27].

Importantly, locality of the Hamiltonian H defined via (4.2) is preserved if the local
operators A and B both commute with H, e.g. for two conserved charges A = @, and
B = @,. In that case, i.e. for X = [Q,|Q,], the only non-vanishing contributions to the
commutator [[A|B], H] originate from the local term Q,(z)Q,(x) in the definition of the
bilocal operator (4.3), which yields a local result, see figure 2.* Would either Q, or Q, not
commute with H, the result of the commutator were bilocal. This subtlety arises in the

"This should not be confused with locality of quantum field theory in the Wightman axioms [50].
8 Note that e.g. for a tri-local operator this would not be the case.
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[@-1Q).Q) = __ + __ +

Figure 2. The only non-vanishing contribution to the commutator of a bilocal
charge with a local charge originates from the last term where both legs @, and @,
of the bilocal operator are close to each other. The first two terms vanish since the
local charge @), commutes with both local charges @, and Q..

case of open boundaries where the parity-odd charges are typically not conserved but
still required to generate the full space of admissible deformations [11], see section 4.2.
Note that the charges @, can be taken to be the spacetime P- or H-type charges
described in section 2.1 or some internal commuting charge, see [27] for an example
of latter. While the TT-deformation belongs to the class of deformations induced by
bilocal spacetime charges, the combination of spacetime and internal charge is referred
to as JT-deformations in the field theory context, see [12-19]. Similar deformations for
spin chains were considered in [27].

Note that also the constituent charges @, and @, of the bilocal charge [Q,|Q,] should
be deformed via an equation of the form (4.2), in order to preserve [H(\), @,(\)] =0
for A # 0. That is, strictly speaking all operators in this paragraph carry an argument
A, which we have omitted to avoid clutter.

Relation to TT-like deformations. Let us relate the above bilocal deformations
to bilinear deformations expressed in terms of currents, see [25, 26, 53]. Consider the
deformation equation (4.2) with

X =[Q.]Q.] = / dade Qo). (a). (4.4)

Using the Heisenberg equation (2.19) given by 0,9, = [H, Q,| as well as the conservation
equation (2.18) given by 0,9, = —0,J,, we find

(X, H] =/< daydy ([Qr(21), H] Qu(x2) + Qi (1) [Qu(w2), H])

SR

= /SRdxz (Tr(22) — Tr(51)) Qs(2) + / dzy Qp(21) (Js(sr) — Ta(21)) -

st s
(4.5)
We introduce the operator
O = —eu 1! = J,Q, — QT (4.6)
such that we can write
X, H) = [ Ou(w)de - Ts)@. + Qu(on). (4.7)
L
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On the infinite line with s, = —oo and sg = 400, where the last two terms drop out,
we thus find

dH o

d7>\A = / OOOT,S(x)dx. (4.8)

In the special case of s =1,r =2 with T'=T5, © = 0, we have
021 =4 (TT - @@) = det T}W. (49)

Note that the densities O, and J, also receive deformations in A, and that the
deformation equation (4.2) is formally solved by

A
H/\ = U)TlH()U)\, U/\ =P exp |:—/ X()\/) d)\,:| . (410)
0

4.2. Open boundaries

For systems with open boundary conditions there are important differences in the
construction of locality and integrability preserving deformations to the closed case
discussed above, see [11].

Firstly, for open systems merely the parity-even charges @, = H,,_; are conserved,
while conservation of the odd charges Q,,_; = Ps,_; is typically broken by boundary
terms. In particular, the odd momentum operator (); = P is not conserved. Nevertheless,
we can still define odd ‘charge operators’, see (2.16), by the requirement that these are
conserved in the bulk of the theory. In particular, we have

(@, Q25+1] = boundary terms, (4.11)

where boundary terms may act nontrivially on the boundary but vanish in the bulk.
Note that formally we may include boundary terms like the boundary Hamiltonian 6
into the bulk density of the operators by writing them as total derivatives, e.g.

O(x = sgp,y) = /SRdaz 0.0(x,y). (4.12)

o0

Note, however, that the classical analysis of the TT-deformed model in the previous
section 3 suggests to set the boundary functions 6 of the considered charges to zero.

Secondly, deformations with bilocal charges [@,|Q,] will generically result in bilocal
deformations of the even conserved charges )y, of the open model, if one of the charges
Q, or @, is odd. Therefore the order of the local operators entering the bilocal operator
is crucial when applied to semi-infinite systems. We will distinguish such systems with
either an open boundary on the left (left-open) or on the right (right-open). For a
left-open model for instance, we obtain local deformations only when using the bilocal
operator [Qy,|Qs,1], but not for [Qy,1]Q,]-

Finally, in the case of open boundaries nontrivial deformations can be induced by
local operators in addition to the above bilocal charges. In particular, this means that
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the precise choice of local regularization of bilocal operators becomes important. In the
open case we define the bilocal operators as’
SR x2 1 1 [*®
AB]:= / dz, / ey 5 {AG), B}~ | / dz {A(z), B(z)}
SL SL, s

_ Z:Rd@ [szdxl % (1 _ %5(:51 _ xg)) (A(z1), B(z2)} . (4.13)

Here {-,-} denotes the anti-commutator. The above definition yields
1
[A|B] + [B|A] = 3 {A,B}. (4.14)

In particular, this regularization implies that the sum of conserved bilocal charges

commutes with the Hamiltonian (and higher integrable charges) in the bulk, i.e. the
only non-trivial bulk deformations are induced by the difference of bilocal charges
X =[Q,|Q,] — [Q,|Q,] when inserted into (4.13). Moreover, the bulk projection of the
commutator of the form [[Qa|Q2s11], Q2] equals the bulk projection of the commutator

- HQQSJA‘QZ?‘], Qgt], i.e.

[Q2r|Q2511], Qo] + [[Qas+1|Qar], Qo] = }

{Qar, Qasi1}, Qo] =0, (4.16)

bulk 2 bulk
which will be important for the below construction.

4.3. Explicit construction for open boundaries

Following [11], in this section, we present more details of the deformations for open
boundaries which are the main focus of this paper. In particular, we will review how
deformations generated in a left- and right-open model can be combined into deformed
charge operators for systems with two boundaries.

First of all we refine the above notion of boundary terms by introducing left bound-
ary terms APY and right boundary terms AR, which only act on the left or the right
boundary, respectively. Acting for instance with a right boundary term ARY on a state

in a left-open model yields zero:
ABp), = 0. (4.17)

Here we denote states in the left- or right-open model by |-); or |-);, respectively.
Moreover, it will be useful to introduce a notion of setting boundary terms to zero.
We employ the notation |1, to indicate that we set right boundary terms to zero and |
to set left boundary terms to zero. More explicitly, if we apply the boundary conditions
of a left- or right-open model denoted by |, or |r, respectively, we have

AV =AY AR =0, (4.18)

9 Note that one can also use this regularized version of bilocal operators in the case of closed boundary conditions, cf (4.3). The
additional local term makes no difference in that case.
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AL =0,  ARV|r = AR (4.19)

The bulk part of a local operator A can thus be defined as
Abulk — A|L|R = A|LR' (420)

Note that for a system with open boundaries, the odd charges commute up to boundary
terms according to

[Qr, Q2s11] = AL™ + AR (4.21)

Semi-infinite systems. We now want to deform a set of even charge opera-
tors @y, 1/r = Qo 1/r(A =0), which are conserved in the left or right open model,
respectively. For a non-integrable model this set may only contain the Hamiltonian
Qo1 r = Hyr. Accordingly, we introduce two sets of charges deformed in the parameter
A labelled by L and R and defined by the equation®

d
a@zm/f{(}\) = [X1r(N), Qarr(N)] ‘L/R- (4.22)

This equation guarantees that charges, which commute for A = 0, will also commute for
a non-vanishing deformation parameter A ## 0. Here the requirement of locality for the
deformed charges implies that the bilocal deformation generators have to be chosen as

X1 = +[Q2 Q2511 Xr = —[Q2541|Q2]- (4.23)
The two sets of (deformed) charges defined by (4.22) take the form
QQT,L/R = 12);}11( + Qg;«li/Ra (424)

with a bulk term and a left or right boundary term, respectively. Here the building
blocks are defined in terms of the solutions of (4.22) according to

B = Qarrlir = QurrlLr, (4.25)
o = Qar — Q™ (4.26)
bk = Qarr — Q9 (4.27)

cf (4.16) for the second equality in the first line. The deformed charges commute by
definition in the left- or right-open model, respectively, e.g. in the left-open case we
have

[Qar1; Qasr] = AR"[L = 0. (4.28)

Here AR denotes some boundary term that only acts on a right boundary. In the
left-open model, however, the right boundary is absent and thus the boundary term
vanishes when imposing the respective boundary conditions as denoted by |1,. The above
equation (4.28) can be expanded according to

Q5™ Q5] = AL+ Ay, (129)

10 Here we refrain from adding a label X to the deformation parameter A, which can be useful when studying different types of
deformations at the same time.
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bulk bdr bdr bulk bdr bdr 7 __ bdr
[ 2r 25,L] + [ 2r,Ly W 2s } + [ 2r,L> 25,L} - _AL . (430)

Finite systems. The next important step is to proceed to a finite open system with
boundaries on the left and on the right. Using the above building blocks from both
half-open systems, we define deformed charges as

Q2r(A) = Q3 (V) + Q3L (N) + Q3 (V). (4.31)

The charges defined in this way obey
(Q2r, Q2] = [Q37L, Q3ek] + (@, @2iL] = ALir- (4.32)

Here the terms AP¥; act on both boundaries at the same time and are referred to as
spanning terms, cf [11, 52]. In the spin chain case it is clear that the interaction range
of the charge deformations increases with increasing order in A\. Hence, for a given chain
of finite length, spanning terms arise at a finite order of the deformation parameter \.
In the field theory case the deformations of the charge operators at a given perturbative
order in A are naively localized at some point x and would thus never act on both
boundaries at the same time, i.e. contributions AP¥ , would be zero in the field theory.
In a non-perturbative context, however, interactions seeing both boundaries may arise.

Finally we note that deformations with bilocal operators [Q,,|Q,,] composed of two
even charges can as well be performed within the finite model and thus correspond to
trivial similarity transformations. Deformations with [Q,]|@,1] do not result in local
deformations.

Expressions in terms of currents. A feature that did so far not appear in the con-
text of field theory TT-like deformations for closed systems are the above deformations
generated by odd charges, see [11] for the spin chain case. Let us thus translate these
deformations into expressions in terms of currents. For the open model the Hamiltonian
does not commute with the odd charges and we have

0 U, Qual = [ 1. Qua@ldr = [ 0,050

1,

— [ C0Tas@) = ~Tavir(om) + Fara(s1). (4.33)

Hence, we find
[+Qar11, H] [ = —Tar1(s1), (4.34)
[—Qari1, H] [r = —Tor11(sR), (4.35)

such that via (4.22) the deformed Hamiltonian becomes

H(X\) =H + X (HY"™ + Hy% |+ Hy' ) + OV, (4.36)
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with
bulk bd bd:
HY™ =0, Hy L = =T (s1), Hy'\r = —Jor1(sr). (4.37)

The fact that these deformations merely act on the boundary is in agreement with
the observation that they only deform the boundary scattering matrix as shown in the
following.

5. Deformations of scattering factors

In this section we review the deformations of the scattering factors closely following
[10, 11]. These scattering factors are induced by the above deformations of the conserved
charges. We emphasize that essentially the same derivation applies in the context of field
theory and lattice models.

5.1. Bulk scattering phase
Consider the two-particle scattering state

lu, v’y ~ a(u,u’) |u <o)+ av,u) [u < u), (5.1)
which is an asymptotic eigenstate of the Hamiltonian:

H|u, vy = (h(u) + h(u)) |u,u') . (5.2)

Here |u < u') represents a partial momentum eigenstate (as opposed to the in/out states
in (2.36)) with the particle with rapidity u(p) (or momentum p) being on the left of the
particle with rapidity u'(p’) (or momentum p'):

|p < p/> _ / eip.71+ip/.7;’ |:L‘, :L‘/> ) (53>
rr!

The ~ in (5.1) signals that we ignore contributions where both particles forming the two-
particle state are close to each other. Such contributions will not affect the two-particle
scattering factor which is defined as

!
S " = a(u ’u). 5.4
() = (54)
We deform the Hamiltonian via the equation
dH)
— > =[X,H 5.5
d)\ [ ? )\] ? ( )
where
X |u, ) = g(u, ') Ju, ), (5.6)
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for some eigenvalue function g; for the moment we do not specify g or X, but we will

do so in due course. Differentiating the eigenvalue equation (5.2) with respect to A and
T

using

d d ,
ah(u) =0, 5 lu <u') =0, (5.7)
we obtain
d
0= I [Hy — h(u) — h(u)] |u, u)
d ! da(u/
X H] u ) + [Hy — h(u) — A(a)] {398y <y 4 420
dA dA
d ! da(u/
— [H — h(u) — h()] (=X fu )y + 39D gy 900 Y
dA dA
(5.8)
Reading off the coefficients of |u < v’) and |u’ < u) yields the equation
d /
0= —g(u,u)a(u,u) + M, (5.9)
dA
which is solved by
a(u, ') = M ag(u,u). (5.10)
Hence, the deformed two-particle scattering factor reads
Sy(u,u') = Mot u)—g(uu)) S(u,u'). (5.11)

Now we may specify the deformation generator X to the bilocal charge operator, such
that

X =[Q.|Q4], 9(u, U,) = i%’(u)%(u/) + frs(u) + fm(u,)' (5.12)

Here f,, denotes a local contribution that originates from both constituent charges of the
bilocal operator acting on the same particle. Hence, we find the following deformation
of the bulk scattering matrix:

S/\(U, u,) = eii/\(Qr'(u)qu(ul)7‘15(“)(11'(”/))S(ru/’ u/) . (513)

5.2. Boundary scattering phase

Consider the left boundary scattering state!'?
u)y, = aw) [u) + a(—u) [-u), (5.14)

" Below we will specify the generator X in (5.5) to bilocal charges. If we assume the local charge densities to annihilate the
vacuum, bilocal charge deformations have no non-trivial effects on one-particle states. This is in contrast to boost and basis change
deformations discussed for spin chains in [10]. The given equations for the one-particle eigenvalues and ordered two-particle states
represent the equations from [10] for vanishing boosts and basis changes.

12 An analogous investigation applies to the right boundary.
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which is an eigenstate of the Hamiltonian:
Hlu), = h(u)|u)y.- (5.15)
Similarly as above we ignore contributions to the boundary scattering state for which

the particle is close to the boundary and which do not affect the scattering factors. The
boundary scattering factor is defined as

Su(u) = AW (5.16)

We deform the Hamiltonian via the equation

dH

o = X (5.17)
where

X |u) = f(u) |u), (5.18)

for some eigenvalue function f and again, for the moment we do not specify f or X.
Differentiating the eigenvalue equation (5.15) with respect to A and using

d d d
ah(u) =0, o u) = Y |—u) =0, (5.19)
we obtain
d
0 = L 87, — b
= 1, 1]l + [~ )] (47 )+ S )
— [Hy — h(u)] <—X|U>L + d‘é&“) ) + d“é;“) |—u>> | (5.20)

Reading off the coefficients of |u) and |—u) yields the equations

0=~ flwjau) + 14,

0= —f(—u)a(—u) + daé;“), (5.21)
which are solved by

a(u) = eMWag(u). (5.22)
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Hence, the deformed boundary scattering factor reads
SL,)\(U) — e/\(f(u)_f(_u))SL(U). (523)

Now we may specify the deformation generator X to one of the two cases which induce
deformations of the left boundary scattering matrix:

D X = [Q2]Q21], flu) = %Q%(U)CJQSH(U), (5.24)
2): X =Qayu, f(u) = igari1(u). (5.25)

Note that the factor 1/2 in (5.24) originates from the 1/2 in front of the local contribution
o, (7) @951 () to the bilocal operator as prescribed by the definition (4.13). Analogously
we can proceed for the right boundary where we use X = [Qy,.1]|Qs,]-

For deformations generated by X = [Qy,|(Qs,.1], the deformed bulk S-matrix takes
the form (cf (5.13))

Sy(u,u') = e_i/\(CIzr(u)Q2s+1(Ul)—Q2s+1(“)'12r(“/))S(u’ u'), (5.26)
and for the boundary scattering factor deformed by (5.24) we have
Spa(u) = Si(u, —u) Sy (—u), (5.27)

which is the boundary cross-unitarity condition of [45].

5.3. Defect scattering phase

The derivation of the deformed scattering phase parallels the boundary case. We first
consider the topological case and then the non-topological one.

Topological defects. The topological defect is purely transmissive. To determine
the deformed transmissive amplitude, we consider the following one-particle state

lu)p = a(u)|u;0) + b(uw)|d:wu). (5.28)
The transmissive amplitude is given by

T (u) = T.(u) = T(u) = Z((Z; (5.29)

Consider the bilocal deformation (5.17) of the Hamiltonian. We denote the deformed
Hamiltonian by H,. In the infinite volume limit, we have

H)|u)p = h(u)|u)p. (5.30)
As before, the asymptotic states diagonalize the operator X:

X|ui0y = f(u)|u;0), X|05u)y = f(u)]0su). (5.31)
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Taking the derivative of (5.30) with respect to A, we obtain

d d
X, Ho]lw)p + Hyoylu)p = h(u) 7y |ujo, (5.32)
where we have used the fact that
d d d
— |0 = —|0;u) = — =0. 5.33

Equation (5.32) can be brought to the form

[Hy — h(u)] (—X\u)D + dz()\u) lu;0) + dZ&L) W);u)) =0, (5.34)
which implies
da(u) db(u)
—f(u) + 5\ 0, —f(u) T 0. (5.35)
These equations can be solved by
ax(u) = eMNWa(u), ba(u) = eMWb(u). (5.36)

This leads to the conclusion that the transmission amplitude is not affected:

a(w) _alw) _
= o)~ b T(u). (5.37)

Physically, this is expected for the TT deformation. Topological defects, by definition,
are invariant under variations of the metric. As a result, they are not sensitive to the
stress energy tensor. Since the T'T operator is constructed from the stress energy tensor,
it is natural that topological defects are not affected by the TT deformation. From our
derivation, we see that the topological defect is not affected by these deformations.

Non-topological defects. Integrable defects that are non-topological are only
allowed in free theories with the bulk S-matrix being S = +1. In this case, the
one-particle state is given by

lu)p = a(uw)|u;0) + b(u)|0;u) + c(u)| — w;i ). (5.38)
The transmission and reflection amplitudes are given by

T = 20 R = 2((2))

a(u)
Going through the same steps, we find that the corresponding deformed quantities are

(5.39)

Ry(u) = eMWMEUR), T\(u) = T(u). (5.40)
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L>1 finite L

Figure 3. Theories defined on a strip.

We see that the reflection amplitude is deformed in the same way as in the boundary
case while the transmission amplitude is undeformed like the topological defect. Here
we note similarities to the deformation factor obtained in [54].

6. Finite volume spectrum

In the previous sections, we have derived the deformed bulk and boundary S-matrices.
This data allows us to compute important physical quantities. In this section, we will
focus on the finite volume spectrum for theories defined on a strip, i.e. with two inte-
grable boundaries in the spatial direction, as is shown in figure 3. In the left panel of
figure 3, the distance between the boundaries L is large such that the spectrum can be
well approximated by the asymptotic Bethe ansatz; in the right panel, the distance L is
finite and the spectrum needs to be determined by the boundary thermodynamic Bethe
ansatz (BTBA).

We will consider the deformed spectrum for two types of deformations. The first one
is the bilinear deformation triggered by the operators

O = e dp Jp, (6.1)
or alternatively by the bilocal operators
[PI|H5] or [HS’|PT]7 (62)

respectively (see section 4.1 for relation between the two alternative pictures). Among
the general bilinear deformations, two families are of special interest. The case r = s
denotes the Castillejo—Dalitz—Dyson (CDD) deformations. These are the deformations
that preserve Lorentz invariance. The additional phase factor inherited by the deformed
S-matrix is the famous CDD factor. The case r = 1 is also special and shall be called
the dynamical hard rod deformation. This family is interesting because it has the nice
physical interpretation to correspond to deforming point particles into finite size hard
rods. The two families of deformations coincide for s = 1, which is the 7T deformation.
Let us comment on the possible values of the index s of higher charges P, H,. A priori,
s runs over the odd integers. However, for a given theory, in general s does not cover all
odd values. The possible set of values of s is an important characteristic of the model,
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see [b5] for more details. Since we aim at developing the general framework and do
not specify our considerations to a certain theory, we will simply take s to be an odd
number.

The other type of deformation, which is specific to the boundary case, is triggered
by an odd charge and defined by

dH),

H = [PraH/\]- (63)

This type of deformation does not change the bulk S-matrix (5.25), but has non-trivial
effects on the boundary S-matrices, which deform the spectrum in an interesting way.

6.1. Large volume limit

We first consider the limit L > 1. In this limit, the spectrum is determined by the
asymptotic Bethe equations

N
1S, () S (—u) [ Sy uw)SCuy, —we) = 1, j=1,...,N,  (6.4)
ki

where S(u,v) is the bulk S-matrix and Spr(u) denotes the left and right boundary
S-matrix, respectively.

Bilinear deformations. For the bilinear deformations, the deformed bulk and
boundary matrices are given by'® (5.13) and (5.23), which we quote here

Sy(u,v) =S (u, v)efiA(pr(U)es(v)fes(U)pr(v))7
Sta(u) = Sy (u)e e,
Sr(u) = S (u)e Wity (6.5)
where
pr(u) =, sinh(ru), es(u) =y, cosh(su), (6.6)
and both r, s are odd integers. We have
pr(—u) = —p (W), ey(—u) = e,(u). (6.7)

For deformations involving higher charges, it is more convenient to consider the twisted
Bethe equations

N
e2iL(p(uj)+V,vpr(uj))SL(uj)SR<_uj)H Sy, up) S (wy, —ug) = 1, (6.8)
k#j

13See [11, 52] for similar results in the spin chain case.
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where v, is the twist that couples to the odd (P-type) charges. The deformed Bethe
equations read

N N
) b ) TT e )ess) §y () S (—uay) [ | S (oo an)S (g, i) = 1.
k=1 k#j

(6.9)

They can be recast as

N
2 L(p(w))+vrp, (1)) SL(uj)SR(_uj)H S (uj, u) S (uj, —ug) = o—20QY () (6.10)

k#j
where
N
QV = ew),  Ey=qQY. (6.11)
k=1

We see that the deformed Bethe equations take the same form as the undeformed ones,
except that the twist v, is shifted according to

(5)
vy = vy + WTN (6.12)

This implies the following flow equation for the energy and total even charge:

1 S S ]' S S
OBy = @V, Ey,  0:Q = L QV0,Qy (6.13)

The case r = 1 is special. In this case p,(u;) coincides with the momentum and there is
no need to introduce additional twist. The deformation has the effect of changing the
length L as

L—L+QY. (6.14)
This leads to the following flow equations

OLENn = Qgé)aLEN, Qgé) = Q?&Q?- (6.15)
The deformations triggered by O, have an interesting intuitive interpretation as is

shown in figure 4. For A < 0, the deformation turns point particles into finite size hard
rods with length —Aeg(u;). Therefore, the effective length, which describes the ‘free

space’ between the rods, is reduced and becomes L + )\Qgé). For A > 0, the distances
between the particles are increased and the effective length becomes larger. This inter-
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DHR deformation
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—Aes(uy)

Figure 4. The dynamical hard rod interpretation for the Oy, deformation.

odd charge
@@ e Y deformation B T T o>

Figure 5. The ‘thick wall’ interpretation of the odd charge deformation.

pretation was first proposed in non-relativistic models [28-30]. Here we see a natural
generalization to the relativistic case.

The odd charge deformations. For the odd charge deformations triggered by P,,
the deformed bulk and boundary S-matrices read

Sy(u,v) =S (u,v),
SL,/\(U) = SL (u)eup’(“),

R — —iApr . .
Sp(u) = Sgp(u)e ¥ (6.16)

Notice that the bulk S-matrix is undeformed. The deformed asymptotic Bethe equation
takes the following form:

N
2 L(p(u))+vrpy (1)) SL(uj)SR(_uj)H S (uj, u) S (uj, —ug) = o2 () (6.17)
k#j

We see that it can be brought to the original form by shifting the chemical potential

A
T T T 1
vVt (6.18)

This implies the following flow equation for the energy and total even charge:
1
OEN = an,.EN. (6.19)

The case r = 1 is again special. The deformed Bethe equation is simply obtained from
the undeformed one by setting

L— L+ (6.20)
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which implies a linear flow equation for the spectrum:
(%EN = 8LEN. (621)

We also have an intuitive interpretation for this result, as is shown in figure 5. For A < 0,
the deformation makes the boundary ‘thicker’, which reduces the distances between the
two boundaries by |A|. For A > 0, the distance between the boundaries is increased
by |Al.

We make one comment before ending this subsection. Although the flow equations
we have obtained so far are in the large volume limit, we expect that they should hold
also in the finite volume, based on the experience on previous results in the bulk case.
As we shall see, this will be confirmed by the boundary TBA computation below.

6.2. Finite volume

Now we consider the situation where L is finite. Due to finite size corrections,
the asymptotic Bethe ansatz is no longer sufficient. To obtain the spectrum, we exploit
the boundary TBA approach. The idea of this approach is to translate the calculation
of the finite size spectrum to the calculation of the thermal free energy of the mir-
ror theory. The mirror theory is defined in the infinite volume limit and the asymptotic
description is valid. Because our deformations involve higher conserved charges, we need
to consider a generalized partition function that contains additional chemical potentials
and charges. In the mirror theory, these chemical potentials correspond to twists, which
enter the quantization conditions of the mirror rapidities [23].

Double Wick rotation. The mirror theory is obtained from the physical theory
by performing a double Wick rotation which swaps the role of space and time:

HwiP, P iH. (6.22)

Here we use a tilde to denote quantities in the mirror theory. Under the double Wick
rotation, the rapidity is transformed as u — w + 7. For higher charges with s = 2r — 1,
we have similarly

Hor i1 i(=1)"""Py_y, Py i(=1)""Hoy_y, r=1,2,... (6.23)

The single-particle eigenvalues of the higher mirror charges }N)QT_l, H 9r—1 take the same
form as in the original theory

€gr—1(u) = Yor—1 cos(2r — 1)u, Dor—1 = “Yor_1 sin(2r — 1)u. (6.24)

The mirror bulk S-matrix is given by the mirror transformation of the physical S-matrix.
The boundary S-matrix is related to the two-particle form factor K(u) in the mirror
channel. More explicitly, we have

§(u,v)zs<u+i§,v+i§>, K (u) = Sk (u—%) (6.25)
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Generalized mirror BTBA. Now we consider the generalized mirror boundary
TBA. In the physical channel, the length of the space is L. We take the length of the
periodic direction to be R. The generalized partition function takes the following form:

Zyy = tr [ HTmHI] (6.26)

Here we have introduced the additional chemical potentials y, for the even charges'.
In the limit R > 1, the partition function is dominated by the ground state charges:
_r[EO (©)
Zuy ~o e T OB D] (6.27)
To compute the energy and the higher charge of the ground state, we go to the mirror
kinematics, as is shown in figure 6. The partition function in the mirror kinematics takes
the form

Zab — <Ba|eiL<ﬁ+(71)%V,.ﬁ,.)

By), (6.28)

where |B;) (j = a,b) are the boundary states which correspond to the two boundaries
in the open channel. We introduced an additional (—1)"*)/2 in the definition of the
chemical potential for later convenience. The chemical potential in (6.26) is implicitly
contained in the mirror partition function. It becomes the twist in the mirror channel,
which enters the quantization condition for the mirror rapidities. The mirror partition
function (6.28) can be written as

Zay = Z—<B“|$|g|3b>e””<m, (6.29)

where the sum is over all eigenstates of the Hamiltonian and X),(R) is defined as

n

(ﬁz + (—1)%&) In) = X, (R)|n). (6.30)

For integrable boundaries, the overlap (B,|n) is only non-zero for the states with paired
rapidities
’n> = ‘a2N> - ’uNa_uNa"'7ula_ul>7 (631)

where uy > uy_1 > ... > u;. For a state with paired rapidities {u, —uy, ..., uy, —uy},
the eigenvalue is given by

N

X,(R) =2 X, (u;), (6.32)
where
X,(u) = &(u) + (=1) T 1,8, (u). (6.33)

“1n principle we could also introduce chemical potentials for the odd charges P and P,. However, for a theory with integrable
boundaries the odd charges are zero and we can set the chemical potential to zero from the beginning.
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Figure 6. Computing the ground state vacuum using the mirror TBA. We introduce
twists and chemical potentials, which get mapped into each other under the mirror
transformation.

In the mirror channel for R > 1, the spectrum can be described by the asymptotic Bethe
ansatz. The rapidities satisfy the mirror Bethe ansatz equations. In the usual case, the
mirror Bethe ansatz equations take the following form

N
el sinh(ui) Gi(qy, _UZ)H S(u;, uj)g(ui, —u;) = 1. (6.34)
J#1
As mentioned before, we have additional twists which come from the chemical potential

in the physical channel. In this case, we need to modify the Bethe equations by the
replacement

eimR sinh(u) — el‘ﬂ/ﬁ(?t-%%)7 (635)
where
Y, (u) = e(u) + pses(u). (6.36)

Following the standard procedure, we introduce the density of pair rapidities and holes
p(u), pn(u). From (6.34), we have

_ 0 (ut )

p(u) + pr(u) = + (@4 * p)(u), (6.37)
where
~ 1 0 ~
o(u,v) = ;— - log S(u,v), (6.38)
271 Ou
and

Pi(u,v) = o(u,0) + ¢(u, —v), (P4 xp)(u) = /00095(% v)p(v)dv.  (6.39)
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Therefore the partition function can be written as

Zu= [ Do [R | Goehatw)] ~ 22, 0)) ptu)du+ T3, ol (640)
0
where
Xap(u) = Fa(u)Kb(u), (6.41)
and S[p, pn| is the Yang—Yang entropy
Slp, o) = R / (5 + /1) log(7 + ) — 5 log /— p log ] du. (6.42)
0

In the limit R — oo, the partition function Z,, (6.40) is dominated by the saddle point.
The saddle-point equation is the boundary TBA equation

e(u) = 2LX,(u) —log[xaw(u)] — log(l +e ) xp, (6.43)
where €(u) is the pseudo-energy given by e“™) = 5, (u)/5(u). The free energy reads
R [ im el
F=o— : d,Y,, (u + 5) log (1 +e ™) du. (6.44)

Comparing with (6.27), we obtain the expressions for the finite volume charges in the
ground state:

E(O)(La V) = 5 / Ope(u +im/2) log (1 Te 6(“)) du,
7Tl
1 00

Qg()) (L’ VT‘) - 2— au€s<u + 177-/2) log (1 —+ efe(u)) du (645)
1 /o

The deformed TBA kernel is given by

A i ‘
Bra(1,0) =B (u,0) + S0uesu+ - )ps (v + =)
™ 2 2
~ -1 A ir
=P (wv) = (=17 cOues(u+ 5 )E(v). (6.46)
ig! 2

Plugging this into the TBA equation (6.43), we find that it takes the same form as the
undeformed one, except for the shift of v, according to

Vp = Up + 2@20). (6.47)

This implies the following flow equation for the ground state energy and charge:

1
0B = QY0 90" = 10%0.Q (6.48)
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This is precisely the same flow equation as we obtained in the large volume limit (6.15).
Again the case r = 1 is special. In this case, we simply have

L— L+QWY (6.49)
and the flow equation becomes
0B = QU Q) = QUL (6.50)

The flow equations (6.48) and (6.50) are the same as in the large volume case (6.13)
and (6.15), as expected.

We can perform the same analysis for the odd charge deformations in the finite
volume. The resulting flow equations of the spectrum again take the same form as the
ones in the large volume limit (6.19) and (6.21).

7. Deformed partition function and exact g-function

In this section, we discuss the flow equation for the partition function and the g-function,
under the T'T deformation. We shall restrict to the case where the partition function
takes the form of the ordinary thermo partition function. For integrable systems, we
could have generalized partition functions that also depend on higher charges, see the
discussion in appendix B.

7.1. Asymptotic behavior of the partition function

For generic QFTs at thermal equilibrium, the quantum states with energy FE are fully
characterized by the Boltzmann weight exp(—(SFE). The same also holds for IQFTs with
vanishing higher charges, because those charges will stay zero after the deformation.

Asymptotic limit. Before discussing the deformed partition function and the g-
function, let us first study the general behavior of the partition function in the large
volume limit, where the circumference R and the height L of the cylinder are both large.
For massive IQFT, the precise meaning of large is R, L > 1/m, where m is the mass
gap of the theory. We remind that the open and closed channel description was briefly
introduced in section 2.2.

Open channel. In the open channel, the partition function is given by

Zy(R, L) = Tr e Mol = Ze*E%(L)R, (7.1)
[

where H,, is the open channel Hamiltonian and the sum is over all the eigenstates of
H ., denoted here by . In the limit mR > 1, the partition function is dominated by

the ground state energy E((lg)(L). In the large L limit, the ground state energy has the
following universal behavior

EVL)=e L+ f.+ f, +O(e ™), (7.2)

ab

https://doi.org/10.1088,/1742-5468 /ac6251 41


https://doi.org/10.1088/1742-5468/ac6251

Irrelevant deformations with boundaries and defects

where €, is the bulk energy density and f,; are the non-extensive contributions from
the boundary. To sum up, in the limit mR, mL > 1, we find

Zup(R, L) = e RObHItE) 4 o Rba-RE-R, 4 (7.3)
Closed channel. In the closed channel, the partition function is given by

Za(R, L) = (Byle "B = > " (GI(R)) Gy (R)e 0 E, (7.4)
P)

where the amplitudes G?(R) are defined as the normalized overlaps

Gory= 2B Ly (7.5)

= Jeley T

In the limit mL > 1, the partition function is dominated by the ground state

Zuw(R, L) ~ [GO(R)]' G (R)e PR, (7.6)

a

Taking the mR > 1 limit of this expression, we find
Ey(R) = ¢gR 4+ O(e™™%), (7.7)

where ¢, is the same quantity as the one which appears in (7.2). As opposed to (7.2),
Ey(R) does not have O(1) contributions from the boundaries, since the system is closed.
Therefore, in the mR, mL > 1 limit, we have

Zu(R, L) ~ [GO(R)GY (R)e ™0 - .. (7.8)

a

Definition of the g-function. Comparing the asymptotics in the closed channel
with the open channel, (7.3), we must have

GO(R) ~ e SR+ ). (7.9)

Namely, the overlap should be e~/ multiplied by some order 1 quantity. We will define
this quantity as the g-function:

log g.(R) = log GY(R) + f.R. (7.10)

a

To summarize, the exact g-function, or the boundary entropy, is defined as the
overlap between the finite volume vacuum state and the boundary state. To extract
important information about the boundary, we have subtracted a universal constant
part f,R from the naive overlap Ggo)’ in the definition of g. The exact g-function is
an important quantity of interest in QFTs with boundaries. It describes the boundary
degrees of freedom [56] and has interesting properties along RG flow [57].

7.2. Flow equation

In this section, we present derivations of the flow equation of the TT deformed parti-
tion function and the g-function. Our strategy is as follows. The flow equation for the
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spectrum in the open channel is known from the exact deformed S-matrices. Since the
spectrum is deformed universally, that is, all the energies obey the same flow equation,
we can write down the equation for the partition function in the open channel. We then
re-interpret the flow equation of the partition function in the closed channel. We also
know the flow equation for the spectrum in the closed channel. This leads to the flow
equation for the overlap, which gives the flow equation for the g-function after taking
into account the exponential factor.

Open channel. Recall that the flow equation of the spectrum in the open channel
is given by

a/\Eab(La )‘) = Eab(La )‘)aLEab(L; /\) (711)

Applying it to the open channel partition function 7,

Zuw(R, L) = Ze (7.12)

we find

a/\ ab _ZR ( ab) (R
=> R (‘EgbaLEfO e Euh
¥
—(9r — R0 Zup.- (7.13)

Therefore, we have the following flow equation

0
NZu(R, LIN) = — <8R R> OLZau(R, L|N). (7.14)

This flow equation has been obtained first by Cardy in [58] from random geometry con-
siderations, which serves as a consistency check for our result. We can also apply the flow
equation to the closed channel partition function. We define F',(R) = (G%(R))*GY(R);
identifying each Boltzmann weight, we have

On (Ff (R, Ao L) — (:R - R> oy (P (R, A BRIE) - (7.15)

Expanding both sides, we find that the O(L) piece reduces to the flow equation of the
deformed spectrum E4(R, \) in the closed channel

OEy(R,A) = Ey(R, N)OrEs(R, A), (7.16)
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while the O(1) piece gives the flow equation for F,

ab
6 0 1 6
a/\Fab<R’ )\) = @ o E (Fab E¢) (717)

Now we specify to the ground state and denote the corresponding quantity as F'y,. The
product of g-functions is given by

Gab = gigy = SN TIER,, (7.18)

To write down the flow equation for g,,, we need to know the flow equation for f,(\) +
f(N\). This can be derived by considering the large L limit of the flow equation (7.11).
By comparing the coefficients of L, we find that

N =N flN) + () = W (f(N) + £(N). (7.19)
These equations can be solved, which leads to

€o

— _fa+fb
1—/\607

N 1—/\607

€o(A) JaA) £+ fo(A) (7.20)

where the quantities on the right-hand side of the above equations are undeformed. We
can then derive the flow equation for the quantity g, (R, \) as

Ngab =R(f,(N) + (X)) gar + AR N

1
=Reo(f.(\) + f(N)gap + ST EOp (FuEy) — =9ty (7.21)

Using the fact that

It RO R Foy = Orgar — (fu + Jo) b (7.22)
and the flow equation (7.19), we obtain
0gar = (Reg — Ey)(fu+ fo)gar + (O — R™Y) (g Bs) - (7.23)

Example: free theory and CFTs. We can easily verify the flow equation (7.17),
or its equivalent form (7.23) for free theories and CFTs, where the exact g-function is
known [2]:

R
) _ (6.CFT
GY(R,\) = G? \/R+ B (7.24)

Here G%“*T is a constant that only depends on the boundary condition, but not on the
size of the system. It implies that we could treat it as a constant, when studying the
flow equation. Comparing with the definition of F'y,, we immediately see that

R
R+ AE,(R,\)

Fyy = (G2) Gy = (Gyerhy eyt (7.25)
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Using the flow equation of the energy (7.16), one finds the deformed G¢ defined above
solves the flow equation (7.17).
General solutions. We can simplify the structure of (7.17). Defining

~ R
Fo =F? 7.26
ab abR—{-)\E¢(R, )\)7 ( )
the flow equation of ]::ab simplifies to
a/\ log ﬁab = E¢3R log ﬁab -+ 83E¢. (727)

Denoting log F by F, we can solve this first order partial differential equation (PDE)
for F by the method of characteristics. We refer to appendix C for a brief review of this
method. Introducing an auxiliary ‘time’ parameter ¢, the equation above is equivalent
to the following set of ordinary differential equations,

dA(t dR(t dF
PO _ PO proaw). Lo, (7.28)
where we treat A\, R and their functions as functions of .

We choose the initial value of those equations in such way that when ¢ = 0, the
solutions correspond to the undeformed theory, where A = 0. The first equation then
immediately implies A = t. For the second equation, notice that the total derivative of
E, vanishes due to the flow equation (7.16):

dE, dR dA
1 = EaRE(/) + Ea)\E(/) = a)\E(/) - E¢8RE(/) = 0. (7‘29)

Therefore, the rhs of the second equation is actually independent of ¢. The solution
is then obtained by integrating once, R(t) = Ry — tFEy(Ry), where Ey, Ry denote the
undeformed energy and the undeformed circumference, respectively. In order to solve
the last equation, notice that

d dR dA
&(8RE¢) = Ea%%@ + ; OORE = OpO\E, — E,0%E, = (0rEs)?,  (7.30)

where we take another Jp derivative of the flow equation (7.16) to simplify the rhs.
Therefore, as a function of ¢, Oz E is easily found to read
Ir, Eo

(OrEy)(t) = 1=t By

(7.31)

where the derivative Op Ey is evaluated at ¢ = 0, namely in the undeformed theory. The
solution for F is then easily obtained,

F(t, Ry) = Fo(Ry) — log (1 — t Or,Eo(Ry)), (7.32)
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where Fy = log F,(A = 0, Ry) is the undeformed g-function.

To summarize, we have found the general solution to the flow equation F = log F,
which depends on two parameters (Ry,t). In order to convert them into the original
variables (R, \), we have to solve them in terms of (R, t). Explicitly, they are given by
the implicit solutions of the following equations,

where Fy = log F,,(A = 0) is the undeformed g-function. Substituting the solution ¢t =
t(R,\), Ry = Ry(R, \) to F(t, Ry), we find the final solution of log Fy.

For the free theory, the ground state energy is given by the Casimir energy
Eo(Ry) = —mwe/6R, where c is the effective central charge. In this case, the coordinate
transformation between (¢, Ry) and (A, R) can be made explicit,

1 26\
=, m:2<R+wm—(§>. (7.34)

One can easily solve for F:

A

F(AR) = Fo(Ro(A\ R)) —log (1- 52 ). (7.35)
6R?

Substituting the function Ry(R, ), one can verify that the flow equation (7.27) holds,

regardless of the form of F.

8. Conclusions and outlook

While T'T-like deformations of quantum field theories have so far mainly been studied
for systems with closed boundary conditions, in this paper we initiate the study of such
deformations for QFTs with boundaries and defects. For this purpose we have applied
the generic formalism developed in [9-11], which allowed us to derive the deformed
scattering matrices. With these quantities at hand, we derived the flow equation for the
deformed finite volume spectrum for all bilocal- and odd charge-deformations. For the
TT deformation, we rederived the flow equation for the cylinder partition function and
the deformed exact g-function [58]. There are plenty of directions that deserve further
investigation.

First, it would be important to further explore the relation between field theory and
spin chain deformations as illustrated in table 1. While the original T'T-deformations
of field theories have not been defined for the lattice models due to the lack of a con-
served momentum charge density, the moduli space of known spin chain deformations is
enlarged by the so-called boost deformations which have no analogue in the field theory
yet. It would be highly desirable to extend the respective field theory deformations to
the spin chain and vice versa. Here it might be fruitful to consider the continuum limit
of a specific lattice model in detail and to trace the respective deformations. Another
promising direction is to take inspiration from the relation between the above boost
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deformations and inhomogeneous spin chains [10, 59] and to investigate a field theory
analogue of the latter.

Furthermore, here we have mainly focussed on deformations induced by charges of
spacetime-type. Similarly, the employed formalism allows us to use charges correspond-
ing to internal symmetries [27], in analogy to the JT deformations in field theory [12-19].
It should be enlightening to extend our analysis of boundaries and defects to the class
of JT deformations in field theory.

Moreover, the leading order classical analysis in section 3 suggests that for a given
TT-deformed bulk model, the boundary Hamiltonian #(¢) has to be trivial in order to
preserve integrability. It would be desirable to prove or falsify this statement at higher
orders in the deformation parameter and for generic deformed bulk models. As demon-
strated, a way out is to allow the boundary Hamiltonian to depend also on derivatives
of the field ¢. Further investigation of this type of models would also be desirable. It
should also be interesting to investigate the possibility that there is no higher charge
of spin 4 while a higher charge of spin 6 exists. Notably, in the spin chain case it has
been shown that deformations of models with non-trivial boundary Hamiltonian can be
performed using the formalism applied here [27].

While in this work we introduced field theory deformations by extension of previous
findings for lattice models, it should be very interesting to explore the full field the-
ory moduli space in order to verify that no deformations were missed, see [24] for an
interesting work in this direction. In the spin chain case such an analysis was performed
for integrable models by making a general ansatz for the leading deformed charges and
requiring a certain symmetry and locality in the sense of (4.1) [27, 51, 52]. Demand-
ing that these charges commute, then resulted in constraints, whose solutions could
be mapped to the boost and bilocal deformation generators discussed above. A similar
analysis in the field theory context might reveal new types of deformations that have
not been explored so far.

Finally, in the present paper we have put an emphasis on systems with integrable
boundaries. While this is convenient, there is a priori no reason to assume integrability
in the field theory context, where deformations merely require the conserved momen-
tum and Hamiltonian. Investigating explicit examples of boundary theories beyond the
scope of integrability will be highly interesting and should be feasible with the methods
employed here.
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Appendix A. Classical deformation of the Sine-Gordon model

Consider the Sine-Gordon (SG) model. Its action is given by

2

S = /d% G(a“qs)? ~ T os 5¢) 4 /dy 6(3). (A1)

Based on classical analysis, in [45] the authors have determined the most general
boundary potential §(¢) that is compatible with integrability

0(6) = ~M cos b (6~ ). (A2)

where M, ¢, are two free parameters.
Equation of motion. The equation of motion is obtained by taking the functional
variation w.r.t. ¢,

m2 2

Tp =5 sin 6 & 89 = % sin 5¢. (A.3)

The boundary equation of motion is identical to the free theory one, since the potential
term in the bulk will not contribute any boundary terms.
TT deformation. The stress tensor can be computed using the textbook formula,

bulk
bulk _ a‘c

T 9(0n)

a}/qb . (chbulk — aﬂ,ﬁbayﬁb _ nuuﬁbulk~ (A4)

In complex coordinates, we find

T=-T.=—(0¢)?,  T=-T.=—(3¢)

_ 2 (A.5)
@:Tzz:@:TZZ:;nBzcosﬂ¢.
Using the expressions above, the determinant of the stress tensor,

det T"" = 4(TT — ©6), (A.6)

pv

induces the desired TT deformation. To leading order O()), the deformed bulk action
is given by

Shk =Sl 4+ A / d’z 4(TT — ©0) + O(N\?). (A.7)
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Deformed stress tensor. Applying (A.4) to the deformed bulk action, we find the
deformed bulk stress tensor. In complex coordinates, its components read

B - 1 8£bulk - ) -
_ B 1 aﬁbulk -
7= ~Ti. = ~5 555200 = —~(00)" ~ 4X(00)(39)'.
o—T.— 108, c AT 2X(89)*(9¢)*
=T = 5 559 ~ 5Lk = 252 J cos 9 - e 2 56+ 20(00)*(99)",
_ 1 aﬁbulk 1 _
6 = Toe = +3 5557 0% ~ 55 = 5 cos fp — A = " cos? B+ 26 (36"
(A.8)

As a consistency check, the integrable boundary condition for the stress tensor

—i(T-T+6-0)| _, = 0:.00,0 (1+ A(8:0)* + (8,9)*]) (A.9)

is still satisfied automatically, as long as the deformed boundary Lagrangian is of poten-
tial type. Therefore, we should still investigate higher conserved charges to impose
constraints on the boundary Lagrangian.

Deformed equations of motion. It is straightforward to verify that the modified
equations of motion are given by

Bulk: 490¢(1 + 8\dpd¢p) = ”;2 sin B¢ + Aﬂ: sin(28¢) — 8 (0% ¢(0¢)* + 9°¢(0¢)?)
Bdr 0udl,_g = —0'(¢) — X0,0 [(0:0)” + (0,0))] ,

(A.10)

where we use 40¢0¢ = (9,¢)* + (9,¢)%. At order O()), we can solve 9d¢ for the bulk
equation of motion:

2 4

490 = % sin Bo(1 — 8AIPP) + /\% sin(28¢) — 8X (8°¢(99)? + (08)?) + O(N?).

(A.11)

Odd charge: T';. Before discussing the deformation of the first even higher charge,
let us briefly discuss why there is no odd charge in SG theory. The reason is that all odd
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charges are total derivatives. For instance, let us consider T'5. The most general form
containing three z derivatives is the following

1
Ty = §a0(8¢)3 + a10*¢0¢ + ad°p, 0, = F(¢)09. (A.12)
Computing derivatives, we find (for simplicity, we rescale the fields and take m? = 4)

0Ty = (06)*(00¢) + 10(00¢)0¢ + a,0°P(DDP) + 0*(00)
= (0¢)*(ap sin ¢ + ay cos ¢ — ay sin @) + I*¢(ay sin ¢ + ay cos @),
00, = F(¢)0°¢ + F'(¢)(9¢)".
(A.13)
Comparing the derivatives we find that we must have oy = 0. What remains are just
total z derivatives.

Deformation of T4. The first set of non-trivial higher conserved charges is given
by T’y and its conjugate:

V= (0% - 52(8@ 0,” =%<a¢> cos g, i
.14
) = Gy -2 2( a¢)', oY —ﬁ< 0¢)* cos .

We would like to study their one-loop deformations. Expanding all charges in A\, and
denoting the correction term with a superscript,

Ty, — T + AT\ + O(A?), ete. (A.15)

We would like to choose the T, 4(1) term to make the conservation equations work at this
order.

For instance, let us compare both sides of 9Ty = 9O, to order O()). Taking
derivatives, we find

O, = 2(9°9)(9*0p) — 2(96)*(99¢) + NITL" + O(N?),

m? 25 W (A16)
00, = "= cos B(0°6)00 — T sin(86)(99)* + 00} + O(N?).

We continue by substituting the bulk equation of motion (A.11). The O(\) contribution
of 0Ty is simply,

0T o) = 20°90 (35925\@(») B*(09)° <33¢|o ) + o1y (A.17)

Similarly, the O(\) contribution of 90, is simply 8@%1), since the tree-level pieces does
not involve any equations of motion. After some manipulations, one can verify the
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following solve the conservation equation,

B 3m2(8°¢)? cos(Bg)  m>0?p(0¢)? sin(Bo)

11" = 8(8%¢)*0¢d¢ — 26°(0¢)°9¢ 52 + 3
_ Zm2(a¢)4 cos(8),
9 4
0f) = -(00)/(00)" ~ 2P (00) ~ T5(00) (1 +2sin’ 50).

As usual, T, ©, are obtained by swapping z, Z.
Integrability-preserving boundary potential. As for the free scalars, we expand
the boundary potential to O(\):

0\ = 0y + X0y + O()\Q). (A.18)

The strategy to proceed is to eliminate two or more z-derivative terms by the bulk
EOM, while to eliminate one z-derivative terms by the boundary EOM. After long but
straightforward algebra, we finally find the following;:

For the one-loop term, it has the following structure

= 8i(Ty =Ty + ;= 0s)

= (functions of $)9,¢ + A11.1(0)(8,0)* + A12(¢)(9,¢)0¢

+ A11111(0)(0,0)° + A1112(8,0)° 05 ¢ + A122(0)(9,0) (07 9)°.
(A.19)

Here the subscript of the coefficient functions represents the accompanying derivative
structure, in an apparent way. The explicit expressions of them are listed below:

Ai11(6) = 5201(¢) — 3126M sin pe (cos(B¢) (98'M? — 48m*) + 32m” + 33'M?)

2
M B¢
Aia(9) = - cos - (cos(9) (80m” — 36'M?) — 32m” + 35'M?) — 86/(9).
Aii111(0) = +253M sin ﬂ;,
Ai112(¢) = —38>M cos %,
Bo

Ai29(¢) = +65M sin o
(A.20)

Notice that all five derivative terms are independent of 61, so they must combine to be
a total derivative by themselves.

Since the structure of the five-derivative terms missed a structure that is proportional
to (9,0)*(93¢), it cannot be written as total derivatives. Thus, the only solution is to
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take M = 0. If it is the case,

—i (Tzfl) -7V +0,- @2) = A <629'1 <Z_§f)3 — 82—? %9'{) + total y — derivatives.
(A.21)
For this term to be a total derivative, rewriting the first term as
0 <Z_§)3 = diy (6:1(0,0)%) — 26,0,¢0:¢. (A.22)
Therefore, a necessary condition for being a total derivative is
B%0, +460] = 0 = 6, = M, cos w (A.23)

with M, ¢, constant of integrations.

The conclusion is, at O(\), the most general boundary potential stays the same form,
but it must be delayed for one order. It suggests that the only compatible boundary
potential with bulk 7T deformation is zero, as for the free case.

Appendix B. Generalized partition function and higher deformations

Generalized partition function. Unlike non-integrable systems, which are fully char-
acterized by the Boltzmann weight at thermal equilibrium, the integrable systems do
not fully thermalize. Explicitly, it means that the thermal eigenstates carry additional
quantum numbers that are associated with the infinite set of higher conserved charges.
This will lead to technical difficulties.

Toy model of higher deformation. In this appendix, we shall illustrate the
technical difficulties of deriving a flow equation for the generalized partition function.

Let us consider the following toy model, whose partition function only contains one
higher charge @,

Z — Ze_ﬂEn_,“Qn, (B.l)

where we expand the charges on the complete eigenbasis of the Hamiltonian.
Suppose the system is deformed by the higher charge @, explicitly, the energy and
the charges will be deformed as

a/\Lgn - QnauEm a/\Qn = QTLaI/QTL' (B2)

Here v represents the twist.
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Applying the flow equation to the partition function, we find

0Z = =) (BONE,+puorQu)e” "7 = = [ Qu(B0,En+ 1nd,Qu)e” 1.

n

(B.3)
Compare with the 0, derivative of the partition function,
0,2 ==Y (BO,E, + pd,Qy)e " Frrer, (B.4)
one immediately sees that
0,0,Z = —0\Z = 0,Que 1, (B.5)

n

Unfortunately, it seems hard to rewrite the second term on the rhs of the previous
equation as a differential operator acting on the partition function like in the TT case.
This is the barrier for us to write down a simple flow equation for the deformed partition
function. This difficulty is likely to be related to the fact that we do not have a gravity
description of this type of deformation. It is interesting to compare the current situation
with the one of JT', deformation. There, we also have an additional U(1) current and the
corresponding charge () enters the generalized partition function. However, the impor-
tant difference is that in that the U(1) conserved charge does not depend on rapidities.
Therefore it does not flow under the deformation. In our situation, the higher conserved
charge are rapidity dependent, which also flows under the deformation. Suppose we can
write down a simple flow equation for the partition function. Since the partition function
can be written in the Lagrangian formalism, it would be possible to derive it from the
point of view of 2d gravity. Such a situation would be ‘too nice to be true’. The higher
conserved charges might be related to coupling the theory to some higher spin theory.

Appendix C. Method of characteristics

In this appendix, we review the basic idea of the method of characteristics. Consider
the following boundary value problem, characterized by a PDE

o) e + W) g = clay), ulay=0) = f(o) ()

where for simplicity we restrict us to the two variable case, and we denote the variables by
x,7y. The unknown function to be solved is denoted by u(x,y). The coefficient functions
a,b,c and f are known functions.

Geometric interpretation. The crucial idea of the method of characteristics is to
treat the equation above as a geometric constraint. Explicitly, we consider the unknown
function u(x,y) as the graph of the function F(z,y,z) =z —u(x,y) = 0. In terms of
this function F' in R3, the original PDE is equivalent to the geometric constraint that
the vector field (a, b, ¢) € R? is always perpendicular to the normal of the surface F' = 0.
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Moreover, if we start at an arbitrary point on the surface, the geometric constraint
implies that all points on the integral curve of the vector field (a,b,c) will remain on
the surface. If the integral curves exist globally and do not intersect, regardless of the
initial points, the surface F', or equivalently u(x,y), is the union of all integral curves.

For most of the applications, one can find an appropriate coordinate system, such
that the initial value of the original PDE lies on the 3y = 0 surface. (For TT case it
means y is essentially the deformation parameter \). For simplicity we shall assume the
initial value surface being y = 0, for the rest of this section.

Characteristic curve. Now, we are going to solve the integral curve of the vector
field (a,b,c). It is called characteristic curve in the literature.

For definiteness, let us pick an arbitrary point (x¢,y = 0) on the boundary sur-
face. The integral curve of (a, b, c) with such an initial condition can then be uniquely
determined by solving the following set of ordinary differential equations,

(C.2)

The last equation for u is not an independent equation, but it follows from the first two.
Solving the characteristic equations and fixing the parametrization of the integral
curve by demanding z(s = 0) = x¢, y(s = 0) = 0, we obtain the explicit parametrization

z(s) = fi(wo, ), y(s) = fawo, 8), (C.3)

on the integral curve. Plugging them into the third differential equation for wu(s), we
find a unique solution wu(s, x¢), satisfying u(s = 0) = u(xy,y = 0) = f(zo).

Reconstructing the PDE solution. What does this have to do with the original
PDE? The point is that for a generic point (z1,y,) with y; # 0, we can always find an
integral curve that passes through it. Suppose this curve starts at (z(,0) and passes
through (z1,y,) at a time sq, then by construction, the solution u(sg, zy) automatically
solves the PDE. The only thing that remains is to do a coordinate transformation that
maps (zo, So) to the original Cartesian coordinates (xy,y,).

Summary. To summarize, the method of characteristics consists of three steps:

(a) Pick an arbitrary point (xg,y = 0) on the boundary and solve the characteristic
equations dz/ds = a,dy/ds = b. The ambiguity of the parametrization is elimi-
nated by demanding that the boundary point (xg,0) corresponds to s = 0, for any
x¢. This will provide a coordinate transformation (z,y) — (zo, s).

(b) Using known solutions for x,y, we can solve for u as a function of (z, s) as well.
The initial value of u, is nothing but f(z). In other words, for fixed x¢, the integral
curve gives a line of solutions to the original PDE.

(c) We now have the solution u(xg, s). By changing x, we can reach any point (x1,y,)
at finite time sy. One can then take a coordinate transformation, (xg, so) — (x1,¥;)
by solving

Ty = w(ﬂfo, So), Y1 = y(yo, 80)- (0-4)
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The solution u(z1,y,), for arbitrary (z1,y,) is then obtained by substituting (x, so)

in the solution wu(z, o).
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