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ABSTRACT: We study the question of diagonalizability of the Hamiltonian for the Faddeev-
Reshetikhin (FR) model in the two particle sector. Although the two particle S-matrix ele-
ment for the FR model, which may be relevant for the quantization of strings on AdSs5 x S°,
has been calculated recently using field theoretic methods, we find that the Hamiltonian
for the system in this sector is not diagonalizable. We trace the difficulty to the fact that
the interaction term in the Hamiltonian violating Lorentz invariance leads to discontinuity
conditions (matching conditions) that cannot be satisfied. We determine the most gen-
eral quartic interaction Hamiltonian that can be diagonalized. This includes the bosonic
Thirring model as well as the bosonic chiral Gross-Neveu model which we find share the
same S-matrix. We explain this by showing, through a Fierz transformation, that these
two models are in fact equivalent. In addition, we find a general quartic interaction Hamil-
tonian, violating Lorentz invariance, that can be diagonalized with the same two particle
S-matrix element as calculated by Klose and Zarembo for the FR model. This family of
generalized interaction Hamiltonians is not Hermitian, but is PT symmetric. We show
that the wave functions for this system are also PT symmetric. Thus, the theory is in
a PT unbroken phase which guarantees the reality of the energy spectrum as well as the
unitarity of the S-matrix.
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1. Introduction

The classical integrability of the superstring on AdSs x S° [[]-f] has led to a lot of in-
teresting studies recently. Through AdS/CFT correspondence, a lot is already known on
the gauge theory side (for reviews see [[J-[I7] and references therein). However, the string
theory presents several technical difficulties, as a result of which, even though it is believed
that integrability should hold in the quantum theory, quantizing the string remains an
open question until now. It is worth recalling here that the Green-Schwarz string can be
described by a symmetric space sigma model. The flat currents in this model [}, [§, [
which define the basic variables of the theory, like all sigma models, satisfy non-ultralocal
Poisson bracket structures (that involve derivatives of delta functions) [2q-R4]. This is one
of the main difficulties in carrying out the quantization of this model 22, R§-BI]. Quan-
tization of the model is, of course, absolutely crucial in understanding, say, the spectrum
of the theory. And this still remains an open question.

In the context of the principal chiral sigma model on SU(2), Faddeev and
Reshetikhin [BJ] have suggested that the question of quantization may be carried out in the
following manner. They propose that the Hamiltonian for the original sigma model as well
as the non-ultralocal Poisson brackets may be replaced by another Hamiltonian and a new
Poisson bracket structure (that is ultralocal) which lead to the same dynamical equations.
One should quantize this new system and then recover the original sigma model afterwards
in a certain limit. The idea is completely parallel to that contained in the method of Bethe
ansatz in relativistic models (such as the massive Thirring model), where one studies the
S-matrix elements by expanding the theory around the wrong vacuum and then tries to go
back to the true vacuum of the theory where all the negative energy states are filled. The



simpler (FR) model proposed by Faddeev and Reshetikhin is quite important from this
point of view in connection with quantization of strings on AdS5 x S° [B, B§, B1, B3-[0).

Recently, Klose and Zarembo (KZ) [[f] calculated the S-matrix for a number of 1+1 di-
mensional integrable models (see also [43—[f]) using standard field theoretic methods [
B{] in a simple manner. The simplicity of their method arises from the fact that the cal-
culations are carried out in the wrong vacuum [pI], f. In this case, it is well known,
for example, that in the two particle sector, the contribution to the S-matrix comes only
from the bubble diagrams and if the system is integrable, all other scattering elements
can be related to the two particle S-matrix [63-B6]. One of the models studied by KZ is
indeed the FR model, whose S-matrix element for the positive energy two particle states
has a simple form that reflects the violation of Lorentz invariance present in the interaction
Hamiltonian. This is interesting and, in fact, is relevant as a first step in understanding
the quantization of the string itself. However, since the S-matrix element for the FR model
is calculated in the wrong vacuum, it is necessary, as a next step, to go to the true vacuum
to extract physical results [f4). This can be carried out by diagonalizing the (quartic)
Hamiltonian of the theory in this sector.

In this paper, we study the question of diagonalization of the two particle Hamiltonian
for the FR model systematically. Surprisingly, we find that the quartic Hamiltonian for
the FR model cannot be diagonalized. The problem arises because of the Lorentz violating
term in the interaction Hamiltonian which leads to boundary (matching) conditions that
cannot be satisfied to determine the wave function. This is rather puzzling given the
nice S-matrix result of KZ. However, our results are consistent with the results of KZ in
the following way. We find that, while the discontinuity cannot be matched across the
boundary to determine the wave function for the system, the extra term violating the
boundary condition is orthogonal to the positive energy two particle state. Therefore, it
drops out when the inner product with positive energy states is taken and the discontinuity
condition, in this case, yields the correct S-matrix obtained by KZ. This is completely
consistent with the field theoretic calculation of KZ, which involves only a calculation of
matrix elements. This, therefore, leads to the first important new feature that results
from our analysis and which had not been observed earlier in other integrable models.
Namely, while diagonalization of a system (Hamiltonian) leads to the S-matrix, having
the S-matrix element (say, from a field theoretic calculation) does not automatically imply
diagonalizability of the system.

As aresult of this lack of diagonalizability of the quartic Hamiltonian, we then searched
for and determined the most general quartic Hamiltonian in this context for which the
boundary conditions can be matched. The set of potentials which can thus be diagonalized
include the bosonic Thirring model [p§, pJ] (which was known earlier to be integrable)
as well as the bosonic chiral Gross-Neveu model (which to the best of our knowledge had
not been studied earlier). Both these models respect Lorentz invariance and, in fact, we
find that the two systems share the same S-matrix. Following this puzzling coincidence, we
investigate and show, through a Fierz transformation, that the bosonic Thirring model and
the bosonic chiral Gross-Neveu model are in fact equivalent. In addition, we determine a
general quartic Hamiltonian, violating Lorentz invariance, which can be diagonalized and



leads to the same S-matrix as calculated by KZ for the FR model. We emphasize here
that a field theoretic calculation with this generalized potential (interaction vertex) would
yield the same S-matrix element as for the FR model. This is indeed quite interesting and
another important result of our analysis, namely, different potentials (interaction vertices)
can lead to the same S-matrix element in a field theoretic calculation. Furthermore, we
find that in spite of the fact that the spectrum of this generalized family of Hamiltonians
is real and the S-matrix is unitary, the Hamiltonian is not Hermitian. On closer analysis,
we find that the new family of Hamiltonians is, in fact, PT symmetric [5q B3] (for reviews
see [b3, 64] and references therein). We show that the theory is in the PT unbroken phase
which guarantees the reality of the spectrum as well as the unitarity of the S-matrix. This
is the third important result of our analysis which identifies the relevance of PT symmetry
with this integrable system. This, of course, still leaves us with the interesting question of
why the FR model cannot be diagonalized and this is presently under study.

Our paper is organized as follows. In section 2, we give a brief review of the Faddeev
and Reshetikhin model and its relevance to the regularization of the ambiguities in the
current algebra of the SU(2) principal chiral model. In section 3, we recapitulate the
relation of the FR model to the string sigma model, in particular, within the context of
the R x S2 subsector of AdS5 x S® background for simplicity. Here we also describe briefly
the field theoretic calculation by KZ of the S-matrix for this model. In section 4, we
demonstrate the non-diagonalizability of the corresponding Hamiltonian in the operator
formalism and try to make connection with the field theoretic calculation. In section 5, we
analyze the underlying quantum mechanical system to understand the difficulty in more
detail. We show that the term in the interaction Hamiltonian, violating Lorentz invariance,
leads to matching conditions that cannot be satisfied. Here we also make connection with
the field theoretic results. In section 6, we present the general quartic Hamiltonian that
can be diagonalized and determine the S-matrix associated with this system. Various
special cases are studied here. In particular, we show that the bosonic Thirring interaction
is equivalent to the bosonic chiral Gross-Neveu interaction. In addition, we determine a
general Hamiltonian, violating Lorentz invariance, that can be diagonalized and has the
same S-matrix as that calculated by KZ for the FR model. We show that this family
of generalized Hamiltonians is not Hermitian, but is PT symmetric. By studying the
transformation properties of the wave functions of the system, we show that the system
is in the PT unbroken phase which guarantees the reality of the spectrum as well as the
unitarity of the S-matrix. In section 7, we give a brief summary of our results.

2. The Faddeev-Reshetikhin model
The Lagrangian for the SU(N) principal chiral model is written in the form:
1 uv Ja ja
L= % de n*™J,J;,  pv =01,

where J, = —¢g10,9 = Jat, [t %] = fote a,b,c = 1,2,--- N?> — 1, g € SU(N). Here
v is a constant and throughout the paper we use the Bjorken-Drell metric which, in 1 4+ 1



dimensions, has the diagonal form n*” = (+,—). From the definition, we see that the
current J; is a pure gauge and, therefore, satisfies a zero curvature condition in addition to
the dynamical equation. Thus, it can be shown that the (current) variables of the theory
satisfy the equations:

9 JH = 0,
Opdy — Oy J + fU T TS = 0. (2.1)

We can choose Ji' to be the dynamical variable and carry out the Hamiltonian analysis
for the system which leads to the following Poisson bracket structures for the dynamical
variables of the theory:

{J5(), o (y)} = v IS (2)d(z — y)
{J5 (@), JP(y)} = v Tf(x)d(x — y) — 76 Db (2 — y) (2.2)
{Ji(x), S (y)} = 0

Because of the presence of terms involving derivatives of delta functions, the Poisson bracket
algebra becomes non-ultralocal. (We remark here parenthetically that the Poisson bracket
for the nonlinear sigma model is not unique [65]. However, in any form, there always exist
some derivatives of delta function, making them non-ultralocal.) This leads to ambiguities
in the calculation of the basic algebra of transition matrices and renders inapplicable the
standard procedure of quantization for such systems.

The Faddeev-Reshetikhin (FR) model studies the quantization of the SU(2) principal
chiral model for which a,b,¢ = 1,2,3, f%¢ = —£%¢ and the generators are related to the
Pauli matrices, namely, t* = i0%/2. In this case, the basic variables of the theory can also
be written as (3 dimensional) vectors in the internal space. Thus, defining

. 1 - -
_ 1 2.
Sy 47(J0 +J1), (2.3)
. 1 - -
S_ = B(Jo —J1),

we note that in these variables, the equations in (R.1)) take the forms
8,5 70,5 £295, x §_ =0, (2.4)

where we have identified Ss = (SL.53,5%).

It is the term involving the derivative of delta function in (R.9) that leads to difficulty
in quantization of the system. The proposal of Faddeev and Reshetikhin is, therefore, to
introduce the new Poisson bracket

{84(2), SL(y)} = —e™SL(2)d(x —y), (2.5)
{84 (2), 8 (y)} =0,

which does not contain any non-ultralocal terms and a new Hamiltonian which would give
rise to the same equations as in (R.4). It follows now from (R.§) that the consistency of
these relations requires

Sil = 15| = |S]. (2.6)



On the other hand, for the system to have the same equation of motion (2.4), the Hamil-
tonian of the system must modify as well (along with the Poisson bracket) and the new
Hamiltonian is given by

H=—(Pg, — 735_)+27/dm S,-5_, (2.7)
where Pg, and Ps_ are the momenta associated with the two variables, with the explicit
forms:

519,82 — 520,51
Ps+=/ ey e (2.8)
IS+ 5%
Pe _ /SlamSQ - 529,85
5= S|+ 3

It is easy to check using (P.5) that
{Ps,. 51} = ~0S, {Pg .5} =-0.5, (2.9)

so that the dynamical equations (R.4) arise as Hamiltonian equations with the modified
Hamiltonian (B.7) as well as the modified Poisson brackets (R.5).

The dynamical system described by (B.4) has an infinite set of conserved charges
associated with it and the Hamiltonian (£.7) can be determined from the low order charges.
To see how the infinite set of conserved charges arise, let us note that the dynamical
equations (R.4) can be obtained from the zero curvature (flat) condition associated with a
one parameter family of currents

S (N) —0:5-(A\)+25.(\) x S_(\) =0, (2.10)

where ) is a constant (spectral) parameter and we have defined

- S, S
Si(A) = + 2.11
(M) A—a  M+a’ (2.11)
with @ = 1/7. The transfer matrix
T(Cﬂ,y,)\) :Pexp /dZ SJr(Za)‘) )
y
where P denotes path ordering, can be decomposed in the standard form
T(x,y,N) = [+ W(z,y, N exp (Z(x,y, ) [T+ W (z,y. )], (2.12)

where Z(x,y,\)and W (x,y, \) are respectively diagonal and anti-diagonal matrices. The
monodromy matrix, which contains all the conserved charges of the theory, is defined as
(we assume that the theory is defined for —L < z < L with the continuum limit obtained
for L — o00)

T, (\) = T(L, —L, \) (2.13)



One can now obtain the local charges by expanding the monodromy matrix around the

(n)

two poles in (R.11]) which leads to two sets of conserved charges gojL[ from the series:

L) =Y (Ata)er™, (2.14)

n

where the generating functional ¢, (A) is defined through the relation
Tr [T, (A)] =2cos o1 (A). (2.15)

For the FR model, the decomposition (R.14) has the explicit form:

1 _
PEN = Ve (ka4 (2.16)

In this series the trivial conserved charges correspond to the conservation of total spin:

L
et = /|S|dm (2.17)
—L

The first non-trivial charges have the form:

L,
where Pg, are the momenta defined in (R.§).

To summarize, therefore, the FR proposal is to modify the Poisson bracket (without
any non-ultralocal term) as well as the Hamiltonian of the theory such that the same
dynamical equations result. The theory can now be quantized. The idea here is that the
term with the derivative of the delta function in the original Poisson brackets (say, in (2.3))
is an anomalous term (can be thought of as an anomaly) which may arise in some limiting
manner after quantization.

3. String sigma model

As we have mentioned earlier, in the Green-Schwarz formulation, the superstring on AdS5 x
S® can be described as a symmetric space sigma model [5§]. Let g denote an element of
the graded group PSU(2,2|4) (namely, it represents a map from the worldsheet onto the
graded group PSU(2,2/4)). Then, the left-invariant current associated with the group
J = —g~'dg can be decomposed in terms of the superLie algebra elements of psu(2,2|4),
which has a natural Z4 symmetry (automorphism), as

J=—¢g 'dg=H+P+Q"'+ Q% (3.1)

Here H denotes elements of the maximal (non-compact) bosonic subalgebra so(4, 1) x so(5),
while P denotes elements of the bosonic complement and Q', Q? represent the Grassmann



elements of the superalgebra under the Z,4 grading. In terms of these variables, the string
sigma model action on AdSs x S° can be written as

S:%/amPAvk4yAQ%, (3.2)

where “str” stands for supertrace, “x” denotes the Hodge dual operation and the second
term in (B.J) represents a fermionic Wess-Zumino term. Introducing the one parameter
family of flat currents [I§] J(A) = —§~*(A\)dg()), where X is a constant spectral parameter,

)\2
1— )2

. 1+ )2 2\ 1
- H P P S
J(\) +1_A2 +1_Az + 1—A2Q+

o (3.3)

such that .J (A=0) =J, it is easy to check that the vanishing curvature condition for this
current

dJ —JAJ =0, (3.4)

leads to the equations of motion for the system following from the action (B.J). Here we
have defined Q = Q' + Q2, Q' = Q' — Q2.

In [[§, [@ we have calculated explicitly the algebra {J; (0, t)%.J; (0", 1)}, and have shown
that this Poisson bracket algebra contains the problematic d,d(c — ¢’) term in general.
Therefore, the FR approach may be relevant in understanding the quantization of this
system. The presence of the Wess-Zumino term in the action in (B.3) can also be incorpo-
rated into the proposal of FR [B3], by weakening the constraint (P.§) so that the lengths
|§+| and |§,| are not equal. Thus, the Faddeev-Reshetikhin proposal is a promising and
interesting scheme that may potentially allow one to proceed with the quantization of the
string sigma model on AdS5 x S® and deserves to be investigated. However, to keep the
discussion parallel to the SU(2) principal chiral model of the last section, we will restrict
ourselves here to the string sigma model on the R x S? subsector of AdSs x S°. Unlike the
principal chiral model in flat space, here the equations of motion need to be supplemented
by the Virasoro constraints. Essentially, what this means is that, unlike in the case of the
principal chiral model, in the case of the string, the constraint (R.6) does not have to be
set by hand.

In fact, an important progress has been made in this direction recently by Klose and
Zarembo [[], where the S-matrix calculation has been carried out for the FR model (among
several other models). The calculation involves summing up a particular set of Feynman
diagrams, the bubble diagrams, for the two-particle scattering, which are the relevant
diagrams for calculations performed in the wrong vacuum. Using the factorization property
of the S-matrix of an integrable system [J], one can then write down the S-matrix for
general N-particle scattering. The corresponding Bethe Ansatz for the theory can then
be obtained by imposing relevant boundary conditions. Since this calculation is rather
relevant from our point of view, here we briefly review their main results directing the
reader to []] for technical details.

The action for strings propagating on R x S3 subsector of AdS5 x S° has the form:

S = —

!/
if/wwWWBﬂuﬂn+@M@X0, (3.5)



where /)N /27 represents the string tension, the current J = —g~'dg € su(2), and g is an
element of the standard map S — SU(2)

[ XP4iXx? X 4ix? (3.6)
S\ XXt X —ix? ) '
The action (B.J) is written in the conformal gauge
V=99 =", (3.7)

and introducing the light-cone coordinates o4 = %(7’ +0), 0y = 0, £0,, we note that the
Virasoro constraints of the theory take the form:

Tr(J3) = -2 (0.X°). (3.8)
Furthermore, if we use the parameterization
XY = g, (3.9)
where # denotes a constant, the Virasoro constraints in (B.§) take the simpler form:
Tr(J3) = —2k% (3.10)

To make connection with the SU(2) principal chiral model considered by Faddeev and
Reshetikhin, let us identify:

Ji = irSy - G, (3.11)
Si = (51,51, 5%),

so that the Virasoro constraints and the equations of motion of the theory, in terms of the
spin variables S become

52 =1
0:5: TrS,. xS =0, (3.12)

which can be compared with (B.4) and (2.6). Thus, the analogy with the FR model is now
clear and one can follow the FR proposal to quantize the system. The action corresponding
to the Hamiltonian (2.7) takes the form:

S = /d%: [— <c+(§,) +c,(§+)) ~ g . Sl] , (3.13)

K
2

where C4(S_) and C_(S,) are the Wess-Zumino terms which have the explicit forms

1
- 1
C(8) = - / de =59 9.5 9, 5° | (3.14)
0
1

= 1
(80 = / dg £ 5% 9.5t OS¢,
0



with the boundary conditions

Si(r,0,6=1) (1) = const, (3.15)
5.

0
Si(r,0,6 =0) = Si(r,0). (3.16)

Rewriting the Wess-Zumino terms (B.14)) in the local, non-covariant forms leads to the
expression in (R.§) for the momenta of the theory, if one chooses |S| = 1. Solving the
constraint gi = 1 and introducing

St +iS?
by = _ Pty (3.17)

V2, /(1 +53)

the action (B.13) can be written in the unconstrained form:

5= [ [5 (62010~ 6-0467) + £ (330-01 — 6:0-03) + 5 (194> + o)
—/ L= [0+ 2T = [6-PN@%6- + 6 61) — 26l 262 (3.18)

Finally, introducing the two component bosonic spinor

o= ()= ()

the action (B.1§) can be recast into the following compact form for terms up to the order
#* (quartic order):

S = /dzw [i07" Dyt — med — g (67"9) (671.9) + O(¢°)] , (3.19)

where Dy = 0y — im — igpp; D1 = 01 = Op ; m = K; g = 5. The non-covariance of the
model is hidden in the field dependent chemical potential in the definition of the covariant
derivative, which when written out explicitly would lead to a term in the quartic interaction
Hamiltonian that violates Lorentz invariance. We note here that throughout the paper,
the interactions are assumed to be normal ordered, although we do not explicitly write the
normal ordering symbol for simplicity.

We do not go into the details of Klose and Zarembo’s calculations which are explained
nicely in [[l]. Rather, we would like to summarize the essential features of their calculation
which would be relevant for our discussion. First of all, the theory in (B.19) has both
positive and negative energy solutions, as any free relativistic theory would have. For free
particles, they satisfy the momentum space equations

(F—m)u(k) =0= (K +m)v(k), (3.20)
and have the explicit forms
es —eb
u(k:)zﬂ(e_g), v(k)zﬂ(e_é,). (3.21)



Here we have used the rapidity variable defined as
k=msinh (3, E,= \/142—1—7”@2 = mcosh (3, (3.22)
to parameterize the solutions and we have chosen the Lorentz invariant normalization
u(k)u(k) = 2m = —v(k)v(k), (3.23)

with a(k) = ul(k)4°.
If we quantize the theory in the wrong vacuum:

¢(2)0) =0, (3.24)

then the field can be decomposed completely in terms of annihilation operators as

B dk
) V4ArE,

Here we have identified k* = Ej, k! = k and using the (nontrivial) equal-time commutation
relation for the fields

() (aik-ru(/g)a(/g) v eik'%(k:)b(k)) : (3.25)

[@a(ﬁﬂ), Q%(y)] = aﬁé(x - y)a O‘aﬁ = 1,2, (3'26)

it can be checked that the nontrivial commutation relations for the creation and annihilation
operators take the forms

[a(k), aT(kz')} =5k — k) = [b(k), bT(k’)] (3.27)

Normally, in a relativistic theory, the time ordered propagator is the Feynman (causal)
propagator. However, as a result of quantizing the theory in the wrong vacuum, the
propagator of the (relativistic) theory becomes retarded (This is completely in spirit with
the Bethe ansatz methods in other systems) and has the form

i(f+m)
(kO + ig)2 — (k1)> — m?2’

D(k) = (3.28)
As a result, the only diagrams that contribute to the two particle scattering matrix are
the bubble diagrams in figure 1. (This also clarifies why the quartic part of the action
is sufficient to study scattering of two particles.) This simplification is automatic in non-
relativistic models where propagators are by definition retarded. However, in relativistic
models, this is achieved by quantizing the theory in the wrong vacuum (the true vacuum
being the one where all the negative energy states are filled).

The calculation of the bubble diagrams is quite simple once the 1-loop diagram is
known. The interaction vertex in this theory can be written in a tensor notation as

) 1
ng:é] [70®1+1®’YO—27“®’YM]7 (3.29)

,10,



k P
: K p:‘
Figure 1: The bubble diagrams contributing to the S-matrix.

and factoring out the vertex parts, the one loop contribution to the bubble diagram has
the form

2
1—loop = / (;ch)]Q D(p+p' —q)® D(q), (3.30)

(9,

where D(q) is the retarded propagator defined in (B.2§). For positive energy external
particles, this integral can be evaluated to yield (for technical details, we refer the reader

to [i])

1—loop = P+m)@@P+m)+@F+m)e (P +m)], (3.31)

el
8m?2sinh(8 — 3)
where (3 is the rapidity defined to be (see (B.29)):
p° = mcosh 8; p' = msinh . (3.32)

The general n-loop contribution to the S-matrix element , coming from the bubble dia-
grams, is then obtained by raising the one loop result multiplied by the vertex functions
raised to the nth power and taking the matrix element between the incoming and the out-
going positive energy states |p,p’) and |k, k’). The complete two particle S-matrix element
corresponds to summing over all loops and yields the result (because of energy-momentum
conservation, k = p, k' = p' or k =p/, k' = p as explained in [[I])

1+A
1—4)\

(k,K'|S|p,p') = 5(8,8') = (3.33)

where

cosh(ﬁ%ﬂ) - Cosh(ﬁ_f/)
sinh(%)

Assuming the integrability of the model, and using the factorization property of the S-

A

g (3.34)

matrix [B3], one can now write a general N -particle scattering S-matrix as a product of
two-particle S-matrices. It is worth noting here that the calculation of the S-matrix el-
ement involves an inner product between the initial and the final positive energy states.
As a result, if the interactions of the incoming positive energy particles generate an inter-
mediate state that is orthogonal to the positive energy states, the inner product with the
positive energy outgoing states will not see it. Therefore, the S-matrix calculation will not
be sensitive to such an issue. Normally, this is not an issue in other integrable models.
However, as we will see in the next section, this question becomes quite important in the
diagonalization of the present Hamiltonian.

— 11 —



Once the two particle S-matrix is known, one can write the Bethe equations as:

e Ol = TT8(8:,8)). (3.35)
i#]

As we discussed in the introduction, the next logical step to carry out is to identify the
negative energy states and fill the Dirac sea with the purpose of constructing the physical
vacuum and the physical S-matrix. This well-known procedure has been worked out in
detail by Korepin for the fermionic Thirring model [f7, p7]. As the first step towards this,
one needs to know the explicit form of the two particle wave-function which will diagonalize
the Hamiltonian. This is the question that we take up in the next section.

4. Diagonalization of the Hamiltonian

Before proceeding, let us fix our conventions and notations. We have already mentioned
that we use the Bjorken-Drell metric, n*¥ = (+,—) and although the explicit forms of
the Dirac matrices are not relevant, for completeness we note that we use the following
representations for the v matrices

01 0 -1 10

0 1 - 0.1

— gy = — oy = = =03 = : 4.1
v =0 (10)’ gl io (1 0 )m 7y =03 <0 1) (4.1)

The two component spinor indices, when used, will be labelled by the beginning of the
Greek alphabet «, 3,--- = 1,2. We use natural units where A = ¢ = 1.
The Hamiltonian density following from the quartic action in (B.19) has the form !

H="Ho+H;
= —iglos0,0 + molord — g [(670) (6T 16) — ('6)(6) + (los0)(dlose)] , (4.2)

which leads to the Hamiltonian

As we have noted earlier, this is the Hamiltonian that is responsible for the dynamics in
the two particle sector. We note, that the structure of the Hamiltonian ([[.9) is reminiscent
of the bosonic Thirring model, namely, the last two terms in (.7) describe exactly the
interaction of the bosonic Thirring model (while the first term in the interaction Hamil-
tonian violates Lorentz invariance). Thus, we can follow the standard procedure for the
diagonalization of this Hamiltonian [{7, E1].

The theory, like all relativistic theories, has positive and negative energy solutions and
let us construct the one particle states of the theory. As described in the last section, we
will assume that the vacuum is annihilated by the field operator,

¢(2)]0) = 0. (4.4)

LAs is conventionally done, we have omitted the term m(qﬁﬂzﬁ), which is proportional to the number

operator, and commutes with the Hamiltonian.
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Let us write the positive energy single particle state with momentum k as

W) = [ do XDl @)0) (45)
Requiring this state to be an eigenfunction of the Hamiltonian ([l.3) with positive energy,

H{(k)) 4y = Exlv(k)) 1), (4.6)

determines the spinor x(z|k) to be (basically here one commutes the field variables to the
right using (B.26) until it annihilates the vacuum (B.24))

X (zlk) = xH (@]8) = ur (k)™ = vm ( 2 ) glmsinh e, (4.7)

where we have used the rapidity variable defined earlier in (B.29), namely,

k=msinh B3, E; = vVk?+ m2=mcoshf, (4.8)

to parameterize the solution. On the other hand, for the negative energy single particle
state with momentum £k, defining

W) = [ o DRk @), (4.9)

and requiring that
Hp(k)) -y = —Exlb(k)) (), (4.10)

we determine

i

s
O (alk) = XO(218) = u_ (k) = vim (‘e ; ) gmsmhd)e (417
e

The spinors in (.]) and ({.1I) are normalized to be consistent with the invariant
normalization in (B.23) and, in fact, we can relate them to the covariant spinors in (8.2()
and (B-21)) simply as uy (k) = u(k),u_(k) = v(—k). Thus, these are, in fact, free single
particle states, although they are eigenstates of the full Hamiltonian. This can be under-
stood from the fact that the interaction Hamiltonian leads to a vanishing contribution to
the single particle eigenvalue equation. We note now that if we identify the annihilation

operators associated with the original field variables as

B dx
V2T

then using (B.26), we can obtain

aq (k) e HFho (), a=1,2, (4.12)

[aa(k:), qﬁg(m)] = 60 a,f =12 (4.13)
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Furthermore, let us define a new set of annihilation operators through a change of basis as

A (k) = ;Ek ul o (k)aa (k) = cos Oar (k) +sin Oyaz (k) = \/f:_Ekemui(m(x),
Aa(l) = o (K)o (k) = =sinfhas () + cosOhan(h) = [ —Zom ol (B)ota).
(4.14)

with 0 satisfying the relation ktan 260, = m. In fact, from the definition of the positive
and the negative energy spinors in (f.4) and ([L11), we note that

(S]IsY

B
V2 cosh B’ b Vv2cosh 3

In this new basis, it is easy to check that the free Hamiltonian is diagonal with the form

cos O, = (4.15)

Hy = / dk B, (A}(k)Al(k) - A;(k)AQ(k)) , (4.16)
and we can identify the single particle states in ([L.5) and ({.9) with
ALR)I0) = o0 (K)) sy A0 = —— (k) (. (4.17)

V2E; V2E;

Namely, AJ{(kJ) and A;(k‘) can be thought of as the creation operators for single particle
states with positive and negative energy respectively. It is worth noting here that the
relations (§.14) can also be inverted to give

a1 (k) = cos O A1(k) — sin 0 Ay (k),
ag(/{?) = sin GkAl(k) -+ cos HkAQ(k) (4.18)
More importantly, using the structures of the positive and the negative energy spinors, we

can also invert ([L.14) to determine the field expansion in terms of the new operators as

B dk
) V4ArE,

To proceed with the diagonalization of the Hamiltonian in the two particle sector, we

¢() " (uy (k) A1 () + u (k) Az () - (4.19)

follow the standard procedure. However, to see clearly the effect of the interaction term
in ([.9) which violates Lorentz invariance, we put an arbitrary parameter in front of it and
write

Hi =g [ do (001601016 — 610616 + 6103001 020) (420)

where we note that for a = 1 we have the quartic Hamiltonian of the FR model, while
for a = 0 we get the bosonic Thirring model. Using the relations in (4.14) as well as the
definition of the single particle states in ([E.17), we note that in the absence of interactions,
the two particle positive energy state with momenta ki, ko can be written as

|1, ko)) = Al (k1) A] (k2)]0) (4.21)

:/Zfﬂei(k1x1+kzaz2)(¢T(x1)U+(kl))(¢T(x2)u+(k2))\O>.

N2
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In the presence of the quartic interactions, however, these would no longer correspond
to the two particle (positive energy) eigenstates of the complete Hamiltonian. Thus, we
generalize the definition of the two particle state with the ansatz

ko) = f e Xl k)07 4 e () o (e ()0,
(4.22)

where we assume
X(m‘l, 1‘2‘/?1, kz) =14+ i)\é‘(.%’l — 1‘2). (4.23)

Here A is a function of the momenta as well as the interaction strength (such that it
vanishes in the absence of interactions) to be determined. One can, in principle, take a more
general modification of the wavefunction, which we have done. However, the difficulty in
diagonalizing persists nevertheless and, therefore, we discuss the issue with the conventional
form of the generalization for the state.

The calculation, which is slightly tedious, can be carried out in two steps. First,
using (B.26) and moving the field operators to the right until they annihilate the vac-

uum (B:24), we obtain
Holy(k1,k2)) () = (B, + Eg,)|[¥(k1, k2)) (1) + |R), (4.24)

where

_ 4\ sin(@kl — (9k2)

A7 \/Ey, By,

In carrying out the calculation, we have used the standard regularization 0(z)e(xz) = 0.

|R) =

[ e gl @)l @), (4.25)

The action of the interaction Hamiltonian in (§.20) can similarly be calculated and leads
to

. 6 6 .
SO [ e i (gl @ol @) + ohieh(@)

2g (acos(0, —Ok,) — 2sin(by, + O,))

471'\ / Ekl EkQ

Hilyp(k1, k2)) (1) =

/ da ¢/ G (2) ] (2)[0).
(4.26)

The two particle state ({.29) would clearly be an eigenstate of the full Hamiltonian only if
the sum of the terms in (.25) and (f.26) cancel, which would also determine the parameter
A as a function of the momenta and the interaction strength. However, in the present case,
we see that since the structures of the terms in the two expressions are quite different, such
a cancellation is not possible unless a = 0 which would correspond to the bosonic Thirring

model. In this case, we can determine

Sin(@kl + (9k2)

_ (51 = B2)
—9 sin(@kl — (9k2)

= —gcoth g (4.27)
where, using (f.15), we have expressed the result in the rapidity variables in the last form.
The S-matrix can now be written as

1 +aA

5_1—2',\’

(4.28)

,15,



which is well known for the bosonic Thirring model. This result also holds for the fermionic
Thirring model [Bg, f9]. However, we also note that for any nontrivial value of the Lorentz
violating parameter «, the two expressions in (§.25) and (§.24) cannot be cancelled and
hence the Hamiltonian cannot be diagonalized in the two particle sector.

To make connection with the field theoretic calculations in [i]], let us observe the

Al

following. We can rewrite the terms on the right hand side of (|.24) as

ei(k1+k2)x ) ; i
/ A~ (Jextra) — 4g(a cos(0k, — O,) — sin(0h, + 0x,)) 8] ()0k(2)10)) , (4.29)

Xz
Am /By, Er,

where

fextra) = —ga (sin(0, + 0x,) (6] (2)6] (@) + 6}(2) 8 (@) — 2c08(0h, — O,)6] (@)0 () ) [0)-
(4.30)
Using the definitions in ({.21]), (f.14) and ([.13), it is now straight forward to check that

(+)</€1, kglextra> =0. (4.31)

Therefore, if we take the inner product of the sum of ({.2§) and (4.26) with a positive
energy two particle state, the sum will vanish provided (we remind the reader again that
because of energy-momentum conservation, the momenta of the out states will coincide
with a permutation of the momenta of the in states, as is well known [[]])

acos(O, — Or,) — sin(0g, + Or,) a cosh @ — cosh @

A= — = , 4.32
I Sin(ek‘l - 6162) g sinh @ ( )

which, for @ = 1 (FR model) reduces to the field theoretic result in (8.34). This is indeed
what we have tried to point out in the introduction. Namely, the S-matrix calculation
involves calculating matrix elements and, consequently, is not sensitive to states orthogonal
to the external states generated in the intermediate steps. These states, on the other hand,
may be very important in the study of the diagonalization of the Hamiltonian. We will
investigate this question in more detail in the next section.

5. Solving the boundary condition

Although the analysis of the previous section makes it clear that the Hamiltonian is not
diagonalizable in the presence of Lorentz violating terms, neither the origin of the problem
nor the possible remedy is very clear. For that reason, let us analyze the reason for the
difficulty in diagonalization from a different point of view. In this section, we will investigate
the quantum mechanical problem associated with the diagonalization of the Hamiltonian
in the two particle sector.

Let us write the quartic Hamiltonian for the system (f.2) (with the interaction
in (£.20)) in the form

H = /dl’ (_i¢TU3ax¢+ m¢TUI¢ - gvaﬁ,fyzg ¢£¢¢E¢’Y¢5) 5 (51)
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where V is the tensor related to G defined in (B.29) and has the explicit form (Unfortunately,
the Lorentz violating parameter is called « just like the spinor index simply because we

are running out of letters. However, we believe that there will be no confusion because of
this.):

0 a a0
a—2 -2«

V= Vaﬁ,fyzg = (01 ® Ul)G = o -2 -9 o (52)
0 a a0

We will use a tensor product notation in this section which makes the difficulty associated
with the problem of diagonalization more transparent. Thus, the outer product of two
positive energy spinors ([.7) will be represented in this notation as a 4- component column
vector

B1+B2
e 2

B1—B2

e 2
Uiy ap(kr k2) = ug o(kr)uy g(he) =m p1-8y | > (5.3)

e 2
_ B1t+B2
e 2

(and so on for other spinors) and the contraction of the spinor indices would simply corre-
spond to matrix products in this notation, which simplifies the calculations enormously.
Let us take a general ansatz for the two particle positive energy state as

[W(k1, k) () = /d$1d9€2 Xaﬁ($1,$2|k‘1,k2)¢3($1)¢2($2)|o>, (5.4)

where, unlike in (§.23), we have left the form of the wavefunction xag(z1,2/k1,k2) arbi-
trary, to be determined from the equations. Requiring that this state represents the two
particle state of the complete Hamiltonian with positive energy of the form

H[Yp(k1,k2)) (4) = (B, + Eiy)[¥(k1, k2)) (1) (5.5)

leads to (once again, one simply commutes the field variables to the right using (B.2€¢) until
they annihilate the vacuum (B.24))

/dwldxg [ (—i (03 ® 1)y, + (L ® 03)00,) + m (01 @1 +1® 0y) (5.6)
—(Bry, + Ep,) (L@ 1) = 29V 6(21 — 2)) 4346 X6 (71, T2/, kz)]@(ﬂ?l)%(fﬂz)m) = 0.

Thus, we can interpret the expression in the large parenthesis (without the energy eigen-
value terms) as the quantum mechanical Hamiltonian Hgys in the two particle sector. To
determine the two particle state (f.4), we need to solve the quantum mechanical equation

(=i ((03 ®1)0y; + (1 ® 03)0,) +m (01 @1+ 1®01)
—(Bky + Ei,) (1 ® 1) = 2V (1 — 22)] 5.5 X5 (21, 22| k1, ko) = 0. (5.7)

Equation (f.7) is a first order equation with a delta potential whose coefficient
(strength) has a rather nontrivial tensor structure. In this case, we expect that the wave
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function itself will be discontinuous across the boundary z; = x5. Away from the boundary
(namely, in the region x1 < x5 or 1 > x3), the wave functions will correspond to the free
two particle positive energy solutions whose coefficients must be determined by matching
the discontinuity across the boundary. Thus, let us choose the conventional general wave
function of the form?:

Xaﬁ(xh .%'2‘/?1, kg) = ei(klleerm) (1 + i)\&‘(%‘l - .%'2)) U++,a5(/€1, /{?2)
teieathar) (1 _ixe(zy — 29)) Uy g ap(ka, k1), (5.8)

where U, | o5(k1, k2) is the outer product of two positive energy solutions defined in (f.3).

Here )\ is assumed to be space independent and should, in principle, be determined from

matching the boundary condition. We comment here that the wave function in (5.§) can

be made even more general by giving A a nontrivial tensor structure. However, as we would

see shortly, this does not help in the matching of the discontinuity across the boundary.
It follows from (b.7) that at z1 = z2, the discontinuity has to satisfy

(03 @1 = 1®03)45,5 (28) (Ussyo(k1, k2) — Uy 55 (kas k1))
= 29Vag 5 (Ut ys(k1, ko) + Us s ys(ka, k1)) - (5.9)

As a result, the discontinuity relation takes the explicit form (in the outer product notation
introduced in (.3)),

0 a cosh 61;62
i sinh @ _ « cosh @ — 2cosh —51;62 (5.10)
sinh @ 9 « cosh @ — 2cosh —51;62 )
BB
0 a cosh =572

Since the left and the right hand sides of the equation have quite different matrix structures,
it is clear that the discontinuity relation cannot be satisfied and, therefore, a solution
to (5.7) cannot be obtained for a # 0. For a = 0, for which the model corresponds to the
bosonic Thirring model, the discontinuity condition can be satisfied and determines

B — B2

A = —gcoth — (5.11)

in agreement with the result ([£.27) in the operator method.

At this point, one may wonder as to whether one cannot take a more general ansatz
for the wave function in (f.§), for example, by giving a tensor structure to A allowing for
a more compatible structure on the left hand side of (5.10)). To investigate this question,
let us note here that

00 00
02 00

os®1-1@os=| o | (5.12)
00 00

1

4, /E‘k1 Ekg ’

2For simplicity, we omit here the multiplicative factor of which is not relevant for our

analysis.,Korepin:1997bk
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is a very special operator which, acting on a four component column vector, removes the
top and the bottom elements. Therefore, even if we give a nontrivial tensor structure
to A to allow for a more general component structure for the spinors, when the operator
(03®1—1®o03) acts on it, it would project out the top and the bottom elements and bring
the spinor to the form on the left hand side of (f.1(). Therefore, matching the discontinuity
relation is the main problem because of which the Hamiltonian is not diagonalizable.

It is worth reflecting here on the connection between our analysis and the calculation
of the S-matrix [4]. Let us note that although the discontinuity relation for the wave
function (b.9) cannot be matched, if we take the inner product with the two particle
positive energy state U_JL + aﬁ(lﬁ, k2), equation (b.9) can determine the parameter A to be

a cosh —61;62 — cosh 61;52
e (513

2
which is what we have obtained in ({.33) and which, for o = 1, reduces exactly to the
value calculated in (B.34) from field theoretic methods. To understand this better, let us

note that the projection operator for the two particle positive energy states with momenta

A=g

sinh

k1, ko (as in (b.d)) can be easily computed to have the form

1 652 6/31 6(51+52)
1 e~ P2 1 eB1=02) b
Py (k1 k2) = 1 S 5 , (5.14)
e—(B1+B2) =B e~ B2 1
so that
Pry (b, k2)Usq (ks ko) = Uy (K, k2). (5.15)

With this, we note that the column vector on the right hand side of (f.10) can be uniquely
decomposed into the sum

0 cosh @
1g | @ g meosh B g | T (5.16)
« cosh @ — cosh @ gl _ cosh @ ) .
0 cosh @

where the second vector is annihilated by the projection operator P,y in (p.14). In the
absence of this second term, the discontinuity relation (p.I0) (or (5.9)) can be solved and
yield (f-13). This is the reason why taking the inner product with positive energy states
allows us to solve the discontinuity relation leading to the result from the field theoretic
calculation. The important thing to note here is that in the perturbative calculation, one
is evaluating matrix elements between positive energy states and, therefore, the calculation
will not be sensitive to state vectors that are orthogonal to such states if they are generated
in the intermediate steps.

There is a second way to look at this issue which is quite interesting. Let us note that

we can decompose the interaction potential (5.9) uniquely as

V=v+vO, (5.17)
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where

0O 0 0O
a—1-1«

<
Il
[\

a—-1-1a«
0O 0 0O

011 0
yo — o P00 (5.18)
-100 -1

011 O

These matrices have the property that

VU, (k1,k2) = 4m(a cosh w — cosh @)

S = = O

cosh —ﬁlgﬁg
— cosh —61;62
— cosh —6142'62

B—p
cosh ITQ

VOU, L (k, ko) = 2ma (5.19)

This is precisely the decomposition of the state vectors that we have discussed in (p.14).
However, here the decomposition is in terms of the potential. What we see is that V()
acting on a two particle positive energy state would lead to a state that is orthogonal to
such a state. As a result, the S-matrix calculation, whether it is carried out with the vertex
involving V or the full vertex involving V, would lead to the same result since the extra
terms generated by V(©) would drop out in the matrix element between positive energy
states. On the other hand, from the point of view of diagonalizability, it is only V that
can be diagonalized and not the full V. We note that the extra term that is orthogonal
to the positive energy states is proportional to the Lorentz violating parameter. Such a
term is not present in the conventional (relativistic) integrable systems and this is a new
feature in this model. This is the basis of our claim in the introduction that while a
diagonalizable Hamiltonian leads to the S-matrix, having the S-matrix (say, from a field
theoretic calculation) does not automatically imply that the Hamiltonian is diagonalizable.

6. Diagonalizability and PT symmetry

The analysis of the last section is quite interesting and leads to the natural question as to
what is the most general quartic Hamiltonian within this context that can be diagonalized
and what is the corresponding S-matrix. Such an anlaysis would also determine the inter-
action Hamiltonian (potential) that would lead to the S-matrix calculated by Klose and
Zarembo. This can be carried out systematically along the lines of discussion in the last
section and we find that the most general Hamiltonian that can be diagonalized has the
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form
H = Hy+ H; = /dm {—i(ﬁTUgaw(ﬁ +molop
—g (a7 9Pv.0 + BV ooy, + V(dddd — dr5ddY50))] - (6.1)

Here «, § and v are arbitrary real parameters (for the S-matrix to be unitary). We note
that if « = v = 0 and § = —1, this model reduces to the bosonic Thirring model that
has been studied extensively. For « = § = 0 and v = —1, this model corresponds to
the bosonic chiral Gross-Neveu model which, to the best of our knowledge, has not been
studied in the literature. Both these models involve Lorentz invariant interactions. Finally,
the term with the parameter « clearly breaks Lorentz invariance, but does not coincide
with the Lorentz violating term in ([.2(), rather generalizes it.

The quantum mechanical potential, in this case, can be worked out in a straight forward
manner (see last section) and has the form

00 00
o202y«
o202y«
00 00

V= (6.2)

Substituting this potential into (F.1(), it is clear that the discontinuity relation can be
satisfied with
a cosh —6”2'62 + (B + 7) cosh —61;62

A=y sinh —61;62

(6.3)

It is important to note from (6.d) that A is an antisymmetric function under the exchange
of momenta, which is consistent for the Bose symmetry of the wave function. The S-matrix
for this general diagonalizable model, then, follows from the standard relation

14
1=

S (6.4)

It is now clear that the parameters «, 3,y must be real so that A is real and correspondingly
the S-matrix is unitary.

There are various special cases that one can study from (f.3) and we list only three
that we think are interesting.

1. First, if a =0 and g4+ ~v = —1,

A = —g coth @, (6.5)

which we recognize as the A for the bosonic Thirring model (f.27). However, what
is striking here is that there is a one parameter family of interactions with a = 0
and B + v = —1 which share the same value of A and, therefore, the S-matrix. In

particular, we note that for 8 = —1,v7 = 0, the model corresponds to the bosonic
Thirring model. On the other hand, for 3 = 0,v = —1, the model corresponds to the
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bosonic chiral Gross-Neveu model and we find that both the bosonic Thirring model
as well as the bosonic chiral Gross-Neveu model (along with the one parameter family
of interactions) share the same S-matrix element. To the best of our knowledge, this
has not been recognized earlier. We also note that for a = 0, if 5+ « denotes an
arbitrary constant (not equal to unity), this simply scales the coupling constant.
However, for a = 0, if we also have 8 = —v # 0, the S-matrix is trivial in spite of
the fact that it is apparently an interacting theory. All of this can be understood
as follows. In the outer product space of 2 x 2 matrices, the completeness relation
(Fierz identity) takes the form

1
V05 = 9 [0as6ys + (0a)as(0a)ys], a=1,2,3. (6.6)

Using our convention for the gamma matrices in ([.1), we can also write this as

1
5@65y6 = 5 [5a65'yﬁ + (7“)@6(7#)76 + (75)046(75)76] y M= 0’ 1. (67)

Contracting (6.7) with the bosonic fields ¢, ¢~ dzhs under the normal ordering sign,
we obtain

PPdP — d509Y50 = PV dV 9, (6.8)
which shows that in 1+ 1 dimension, the bosonic Thirring interaction is equivalent to
the bosonic chiral Gross-Neveu interaction, which explains the results noted above.?
As a result of this equivalence, the last two terms in (B.1]) can be combined into one.
However, we keep them separate in the following discussion just for completeness.

2. We note next that fora =1 and g+ v = —1,

cosh —6“2%2 — cosh —615@

;1 Bi—B
sinh %

A=g (6.9)
This is exactly the X\ in (B.34) (and, therefore, the S-matrix) that has been calcu-
lated by Klose and Zarembo. We find that, although the FR Hamiltonian is not
diagonalizable in the two particle sector, there exists a generalized interaction violat-
ing Lorentz invariance that can be diagonalized and leads to the same perturbative
S-matrix as in [[H]. In fact, as we have noted earlier, one can add any multiple of
V() defined in (5.1§) to this potential which would lead perturbatively to the same
S-matrix element, but such Hamiltonians cannot be diagonalized. We note here that

for a arbitrary with 3+~ = —1, (6.3) coincides with ({.32).
3. Finally, we note that if « =1 and 8+~ =0,
cosh 202 1-56 2

h I (6.10)

A=g

The integrability of this model, to the best of our knowledge, has not been studied
earlier.

3For the massive fermionic Thirring model, it is well known that : Yy" by, : ~ : Yaha) : ~
s ysY)yse ¢, which arises from the nilpotency of the fermionic fields.
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To summarize the results of the analysis of this section, we have determined the most
general quartic Hamiltonian involving scalar fields that can be diagonalized. This involves
three real parameters «, 3,7 (actually two parameters if we use the equivalence in (6.3)).
The spectrum of N particle states in such a system is real and is given by

N
E :mZCOShﬁZ‘, (6.11)

i=1

where the rapidities satisfy the Bethe equation:

ool = TTS(8:,8)), (6.12)

i#]
and the S-matrix (p.4), determined from (6.d), is unitary. However, if we look at the La-
grangian density or the Hamiltonian of the system, we find that it is not Hermitian. For
example, we note that the Lagrangian density for the system has the form (we can, in prin-
ciple, absorb the chiral Gross-Neveu interaction into the Thirring interaction using (p.§),

but we keep them separate for completeness)

L= ¢(iv"9y — m)o + g [ady "V 'dd1ud + BV byt + V(Dpdd — dys0dY58)] ,  (6.13)

while the Hermitian conjugate is given by (up to a total derivative)

L1 = (79 —m)o + [a67° (1) 6670 + 867 9676 + 1(3006 — d1566759) |, (6.14)

where we have used the reality of the parameters a, 3,~. Thus, we see that the Lagrangian
density is not Hermitian because of the interaction term violating Lorentz invariance.

It is, therefore, surprising that the spectrum of the theory is real and the S-matrix is
unitary. This can be understood from the fact that even though the theory (Lagrangian or
the Hamiltonian) is not Hermitian, it is PT symmetric. Such theories have been studied
quite a lot in recent years from a variety of points of view [B0~4]. Here we describe its
relevance within the context of this integrable model. First, we note that the simple two
dimensional quantum mechanical example that is discussed extensively within the context
of PT symmetry is reminiscent of our positive and negative energy single particle solutions

in () and ([£.10)). Under parity transformation, P, we note that
r— -z, t—t, k— -k, FE—E. (6.15)
Parity is a linear operation and we can define its action on the field space by the relation
Po(x,t) P~ = npr (1), Pz, t)P~" = npd(—z,t)7". (6.16)

Here np is a phase denoting the intrinsic parity of the field. Time reversal, T', on the other

hand is an antilinear operation defined on the coordinates by

x—x, t——-t, k——-k FE—E. (6.17)
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In the field space, the transformation can be described through the action
To(a, )T~ = nrCysd(z, —t), To(x, )T~ = npd(e, —t)y:C ", (6.18)
where nr is a phase and C' denotes the (Dirac charge conjugation) matrix satisfying
C7inC = —(y")T. (6.19)
Although it is not necessary, we can choose the representation
C = —iy', sothat Cys7° =1. (6.20)

With these transformations, it is easy to verify that under the parity transformation, the
Lagrangian density is invariant, namely,

L(x,t) — L(—a,1). (6.21)

On the other hand, since T is an antilinear transformation, the Lagrangian density is T

invariant only for real parameters a, 3,7 (which is the case we are considering), namely,
L(x,t) — L(x,—t), (6.22)

only if a = o, 8 = *,7 = ~*. Thus, for real parameters, we see that the theory is PT
symmetric although it is not Hermitian.

Let us next look at the behavior of the wave functions under this symmetry. We
note that under the combined PT transformation (see (b.15), (6.17) and remember that T

denotes an antilinear transformation)
ekr s etk (6.23)

Similarly, if we choose the phase factors to be unity, namely np = nr = 1, under this
combined operation
us (k) — Cys7%us (k) = 1us (k) = us(k), (6.24)

where we have used ([.20]). As a result, we see that the single particle positive and negative
energy wave functions for the system in (f.7) and ({.11)) are PT symmetric. Similarly, using
the relations (.29) and (.24) in (b.7), we find that the complete two particle wave function
is also PT symmetric (remember the anti-symmetry of A in the momenta). In other words,

not only is the Hamiltonian of the theory PT symmetric, but so are the wave functions
of the theory. This implies that the theory is in an unbroken PT symmetry phase which
guarantees the reality of the spectrum as well as the unitarity of the S-matrix. This is

indeed a novel demonstration of the relevance of PT symmetry in an integrable system.

7. Conclusion

In this paper, we have studied in detail the Faddeev-Reshetikhin model, which is relevant in
the quantization of strings on AdSs x S°, in the two particle sector. Although the S-matrix

— 24 —



of the theory has been calculated using field theoretic methods, diagonalization of the
Hamiltonian is essential to carry out the Bethe ansatz analysis. We find that the quartic
Hamiltonian for this model is not diagonalizable in the two particle sector. We show this
both in the operator description as well as in the description of the underlying quantum
mechanical system. We trace the difficulty to the fact that the term in the interaction
violating Lorentz invariance requires a discontinuity in the wave function that cannot be
satisfied. On the other hand, if one takes the inner product of the discontinuity relation
with positive energy states, the problematic term disappears leading to the correct S-matrix
element calculated earlier. Further investigation shows that the interaction (potential)
generates intermediate states that are orthogonal to the positive energy out states and,
therefore, cannot be observed in the S-matrix calculation (which involves calculating matrix
elements), but are quite relevant in the diagonalization of the system. To the best of our
knowledge, this is a new feature that has not been observed earlier in the study of integrable
systems. It follows, therefore, that while the diagonalization of a Hamiltonian leads to the
S-matrix of the theory, the knowledge of the S-matrix element (from, say, a field theoretic
calculation) does not automatically guarantee the diagonalizability of the Hamiltonian of
the system. We determine the most general Hamiltonian with quartic interactions that
can be diagonalized as well as the associated S-matrix. Among various special cases, it
also includes a generalized Hamiltonian that can be diagonalized with the S-matrix as
calculated by Klose and Zarembo. We show that although this general Hamiltonian leads
to a real spectrum and a unitary S-matrix, it is not Hermitian. However, we demonstrate
that the theory is PT symmetric and that wave functions are also invariant under PT. As
a result, the theory is in an unbroken phase of PT symmetry which is the reason for the
reality of the spectrum as well as the unitarity of the S-matrix.
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