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Abstract

The 2d principal models without boundaries have G x G symmetry. The already known integrable
boundaries have either H x H or G p symmetries, where H is such a subgroup of G for which G/H
is a symmetric space while Gp is the diagonal subgroup of G x G. These boundary conditions
have a common feature: they do not contain free parameters. We have found new integrable
boundary conditions for which the remaining symmetry groups are either G x H or H x GG and
they contain one free parameter. The related boundary monodromy matrices are also described.
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1. Introduction

In this paper we investigate 1 + 1 dimensional O(NN) sigma and principal chiral models
(PCMs). These are integrable at the quantum level i.e. infinite many conserved charges survive
the quantization [1, 2|. The scattering matrices (S-matrices) are factorized and they can be
constructed from the two particle S-matrices which satisfy the Yang-Baxter equation (YBE).
Thus, integrable theories at infinite volume can be defined by the solutions of the YBE. For
example, it has been verified that the minimum solution of the O(N) symmetric YBE is the
S-matrix of the O(N) sigma model [3].

In this paper we are interested in boundary conditions for these systems. There are three
interesting type of boundary conditions which are:

I Classically conformal - which means that the boundary condition does not break the clas-
sical conformal symmetry, which guaranties infinitely many conserved charges

IT Boundary conditions with zero curvature representation which means that there exists a
k-matrix (or classical reflection matrix) from which double row monodromy matrices can
be constructed

III Quantum integrable, which means that there exist a higher spin conserved charge even on
the half line.

The basic examples of boundary conditions of O(N) sigma models are:
1. Restricted boundary conditions when we restrict the field to a lower dimensional sphere

(a) with arbitrary radius

(b) with maximal radius
2. Using boundary Lagrangian L, = n” Mn with M € so(N) (See notations in Section 3)

(a) where M is arbitrary
(b) where M? = cl
(c) where M? = diag(c,c,0,...,0). .

The basic examples of boundary conditions of PCM of group G are as follows:
i Restricted boundary condition when we restrict the field to a subgroup H.

(a) where H is arbitrary

(b) where G/H is a symmetric space.
ii Using boundary Lagrangian L, = Tr (M Jp) with M € g (See notations in Section 2)

(a) where M is arbitrary
(b) where the G/H is a symmetric space for H :== {h € G|hMh™' = M}. .

These boundary conditions were investigated in [4, 5, 6, 7, 8, 9] and was shown that all of them
are conformal. What can we say about the quantum integrability of these boundary conditions?
In some of these cases, one can also use the Goldschmidt-Witten argument [5, 7| which is a
sufficient condition for quantum integrability. With this argument it can be shown that boundary
conditions 1b and ib are integrable at the quantum level.

There is also a necessary condition for quantum integrability which comes from the boundary
bootstrap. As we know, quantum integrable theories with boundary can be defined with the
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| [r]mm|ar]
la | V| X | X
b |V |/ |V
2a | vV | 7 | x
2b | V| 7| 7
2|V | 7] 7
ia | vV | x| X
ib |V | V|V
ila |V | 7| x
iib| v | 7|7

Table 1: Properties of boundary conditions

bulk S-matrix and the boundary scattering matrix (or reflection matrix, R-matrix). Reflection
matrices are solutions of the boundary Yang-Baxter equation (bYBE). They are classified for the
O(N) sigma model [7, 10]. There are two classes which have symmetries either O(k) x O(N — k)
or U(n) if N = 2n. There is a free parameter in the reflection matrix when the remaining
symmetries are O(2) x O(NN — 2) and U(n). Thus we can infer that if the center of the residual
symmetry algebra is u(1) then the reflection matrix contains a free parameter [11].

We can also classify the residual symmetries of PCMs. The bulk theory has G x Gp
symmetry and the particles transform with respect to some representations of this symmetry. If
the reflection matrix has a factorized form (R = Ry ® Rp), then the bYBE can be separated into
equation for left and right reflection matrices. Thus, in principle, arbitrarily combined solutions
Ry, and Rp can be used to construct the full reflection matrix R. This implies that the remaining
left and right symmetries can be different.

From the classification of the quantum reflection matrices |7, 6, 10, 11, 12] we can extract
the possible residual symmetries therefore we can conclude that la, 2a, ia and iia can not be
quantum integrable because their residual symmetries are different.

The zero curvature description is also known for some boundary conditions [4, 8]. Their
classical reflection matrices are constant matrices without any parameters.

The state of the art about boundary conditions and their integrability can be summarized
in Table 1. With question marks we indicated the open questions. For example, 1b is quantum
integrable (Goldschmidt-Witten argument) and it has O(k) x O(N — k) symmetry so it can
be matched to the reflection matrix (coming from the bootstrap) with the same symmetry.
Contrary, we have a U(N/2) symmetric reflection matrix with a free parameter and one can
ask which boundary condition belongs to it. The boundary condition 2b is a natural candidate
because it has a free parameter and the same symmetry. Indeed, in this paper we show that it
has a zero curvature representation which may indicate the quantum integrability in view of the
fact that a restricted boundary condition preserved the integrability at the quantum level if and
only if there exists a zero curvature representation (see the table above).

In the PCM the remaining symmetries for the known classical integrable boundary conditions
are Hy x Hp where Hy, = Hp which means Ry, = Rp (or the residual symmetry is Gp which
is the diagonal subgroup of G x Gg but in this case the reflection matrix is not factorized)
[5, 6]. This paper also provides a zero curvature representation for boundary condition iib where
only the left or the right symmetries are broken therefore these can be candidates for reflection
matrices where Ry, 2 Rp.

We also derive that the traces of these new monodromy matrices Poisson commute therefore
there are infinitely many conserved charges in involution. This Poisson algebra of the one and
double row monodromy matrices are consistent if the r-matrix and classical reflection matrix
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(k-matrix) satisfy the classical Yang-Baxter (cYBE) and the classical boundary Yang-Baxter
equations (cbYBE). In [4] and [8] the Poisson algebra was investigated for non-ultralocal theories
with constant k-matrix. In [13] this was done for ultralocal theories with dynamical x-matrix
when the Poisson bracket of the k-matrix and the Lax-connection vanished. In this paper we
derive the Poisson algebra of non-ultralocal theories with k-matrix whose Poisson-bracket with
the Lax-connection does not vanish. However, the possible solutions of this equation have only
been examined in a few cases. In this paper we classify the solutions of the field independent
cbYBE and check that the new field dependent x-matrix is satisfies the cbYBE for O(N) sigma
models.

The paper is structured as follows. In the next section, we start with the Lax formalism of
the PCMs where we construct classical reflection matrices and use them to build double row
transfer matrices. The conservation of these matrices (which is equivalent to the existence
of infinite many conserved charges) provides the boundary conditions of the theories which
belong to these boundary Lax representations. Using these results, we derive new double row
monodromy matrices for the O(2n) sigma models and the corresponding boundary conditions
will be determined too. In Section 4 we derive the Poisson algebra of the double row monodromy
matrices and the cbYBE which is satisfied for the new k-matrices.

2. Principal Chiral Models on the half line

In this section the new boundary monodromy matrix will be introduced. In the first subsec-
tion we will overview the Lax formalism of PCMs. After that the new reflection matrix and the
related boundary condition will be derived. Finally we will show the corresponding Lagrangian
descriptions and the unbroken symmetries of these models.

2.1. Lax formalism for PCMs

Let g be a semi-simple Lie algebra and G = exp(g). We use only matrix Lie-algebra and we
work in the defining representation. The field variable is a map g : ¥ — G where the space-time
¥ = R x (—00, 0] is parameterized with (z°,z') = (t,7). We can define two currents J* = g~'dg

L/R L/R

and J& = gdg~! where JI/B = Jy da¥ + JIL/Bdaz1 (: JtL/Rdt + Jy dx)l. These two currents
satisfy the flatness condition (by definition):
dJER o JEIR A R = 0
The bulk equation of motion (E.O.M) is
dx JER = .

The E.O.M and the flatness condition is equivalent to the flatness condition of the Lax connection:

ALE/BO) + LEEO) AL E(N) =0 (1)
where

I iR A L/R
[y AR ChE

We will also use the following notations

LER () =

MEB(N) = Lg () LYRO) =LY ()

!The ordinary letters denote forms and the italic letters denote the local coordinate functions of these.
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Using these, the zero curvature condition can be written as
L) — Op M(A) + [M(X), L(N)] = 0.

The usefulness of the Lax connection lies in the fact that one can generate from it an infinite
family of conserved charges. At first we define the one row monodromy matrix

Tp/r(N) = P&p <— /0

—00

EL/R(A)dx> . (2)

These monodromy matrices have an inversion property

Tr(N) = g~ (0)T1(1/A)g(~00). (3)

The monodromy matrix in the boundary case takes a double row type form

Qr(N) = Tryr(=N) " k6 r(NTLR(N), (4)

where the kr(A),kr(\) € G are the reflection matrices which will be specified later. In the
following we use the right currents therefore we introduce the following notation J(\) = J®()\),
L(A) =LE(), T(A) = Tr(V), QA) = Qr(N), £(A) = kr(A), M(A) = MF(A) and L(A) = L)

The existence of infinitely many conserved quantities requires that the time derivative of the
monodromy matrix has to vanish Q(\) = 0, which is equivalent to:

KAMQA)| = M(=A)| k(D) = &(N), (5)
=0 x=0
where we assumed that the currents vanish at —oo. This is the boundary flatness condition.
This equation can be translated to boundary conditions for the J® current. The consistency
of the theory requires that the number of boundary conditions have to be equal to dim(g).
Based on these, we call k() a consistent solution of (5) if it leads to exactly dim(g) boundary
conditions.
The consistency of the definitions of double row monodromy matrices Qr, and Qr (the bound-
ary flatness condition implies the same boundary conditions with €7, and Qp) implies that

kr(A) =g~ (0)RL(1/X)g(0). (6)
Using this equation, the double row monodromy matrices also have an inversion property:
Qr(\) = g~ (=00)Q(1/X)g(—00). (7)

Hereinafter, we look for consistent solutions for the equation (5). The most obvious ansatz
for the reflection matrix is kK(\) = U where U € G is a constant matrix. Using this ansatz, the
equation (5) is equivalent to the following two equations:

Jo=UJoU™?,
—J, =UJ, U

Clearly, Jy and J; are elements of the eigenspaces of the linear transformation Ady : g — g
with +1 and —1 eigenvalues. These are equivalent to dim(g) boundary conditions if and only if
U? is proportional to 1. Thus, there is a Zo graded decomposition g = b @ f where b and f are
the +1 and —1 eigenspaces of the Ady automorphism of g. Therefore the boundary conditions
imply Jyp € h and J; € §f. These are well known integrable boundary conditions [6]. In the
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next subsection, we will try to find new consistent solutions with non-trivial spectral parameter
dependency.

Before that, we note that there is another possibility for the definition of the double row
monodromy matrix, namely:

Q) = Ti(=A) "' UTR(N),
This leads to the following boundary conditions
JE=vJfut, (8)
—Jt=vJfu-L (9)

Let us calculate the number of boundary conditions. For this, let us use the relation between
the left and right currents.

_ _ _ -1 _
—gJltgt =UJiU!, = —Jt= (U 1) JfU g,
+gJitgt = UJUT, = IR = (U ) IRy

We saw previously that this type of boundary condition is consistent if the operator Ady -1, is
an involution on g which is equivalent to

U lgU g =e. (10)

Clearly this restricted boundary condition is invariant under the transformation g — Ugg LU—1gg0
therefore it has the diagonal symmetry Gp.

Finally, let us note that there is an other representation of this boundary condition. Using
the inversion property (3) we can obtain an equivalent double row monodromy matrix:

QA) = Tr(=1/X)7" (9(0)7'U) Tr(N),

The conservation of this double row monodromy matrix requires that the following boundary
flatness condition has to vanish.

g U (JF = NI + VI + M) g U =120y (97'U) = (N2 = 1)J3tg U
Multiplying this by g from the right, we obtain
U (J& =N + Mg U = —gJitg™'U
which leads to the equations (8) and (9).

2.2. Spectral parameter dependent k-matrices

In the previous subsection we summarized the spectral parameter independent k-matrices.
In this subsection, we try to find new spectral parameter dependent kKs.

2.2.1. Solution of the boundary flatness equation
Let us use the following ansatz:

K(A) = E(A) (1 + AM + A*N), (11)
where k(z) is a scalar and M € g. Using this ansatz the equation (5) takes the following form:

(L4+AM + X°N) (Jo — A1) — (Jo+ AJ1) (L +AM + A*N) = 0.
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Which leads to the following system of equations:

AL [M, Jo] —2J1 =0 (12)
A2 [N, Jo] — [M, 1], =0 (13)
23 [N, Ji], =0 (14)

where [,], is the anti-commutator ie. [X,Y] = XY + YX. Since equation (12) provides

already dim(g) boundary conditions, the consistency requires that the equations (13) and (14)

should follow from (12). In the following, we look for constraints on M and N which ensure this.
Taking the anti-commutator of equation (12) with M gives

[M, 5], = % [M,[M, Jo]]. = = [M?, Jo].

1
2
The r.h.s is equal to [N, Jo| if
1
N — 5M2 = cl, (15)

where ¢ is a constant. From this we can see that M commutes with N. Using this and the
equation (14) we can obtain:

[N.[M,.1],], =0.
Therefore, by taking the anti-commutator of equation (13) with N, we get
[N?,Jo] = 0.

Since Jy spans the whole defining representation of g therefore N2 has to be proportional to 1 so
the automorphism Ady has +1 and —1 eigenvalues and we denote the corresponding eigenspaces
by h and f. Therefore N defines a Zo graded decomposition g = b @ f.

Equation (14) means that J; € § i.e II;(J1) = 0 where IIj is the projection operator of h
subspace. Putting this into (13):

Ty (1) = 5Ty (M, Jo]) = 5 [M, 1y (Jo)]

where we used that [M, N] = 0 which implies M € . We can see from the last equation that
equation (14) follows from (12) if M commutes with b.
Summarizing, consistency of the solutions requires the following conditions

2N — M? ~ 1 and N2~ 1. (16)

These implies that Ady generates a Zy graded decomposition and M is an element of h and also
commutes with . Therefore h has a non-trivial center which is generated by M. It follows that
every Zso graded decomposition where hs are not semi-simple belong to these type of reflection
matrices and boundary conditions.

There are two classes of these x matrices. The first is N # 0. The second case is N = 0,
which implies that M? ~ 1. In this case M defines the Zs graded decomposition. The projection
operators to the b and § are:

(X +UXU™"),

DN — DN -

(X -UxU™Y),

where U = N when N # 0 otherwise U = M. The classification of these x-matrices for classical
Lie-algebras are shown in the following.
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2.2.2. Examples

We saw that the integrable boundary conditions described above belongs to a (g, h) symmetric
pair for which G/H is a symmetric spaces (G = exp(g), H = exp(h)). The symmetric spaces
are classified [14]. The spectral parameter dependent solutions belongs to not semi-simple b
therefore there are three types of spectral parameter dependent x-matrices.

1. g =su(n) and h = u(l) @ su(m) @ su(n —m). The u(l) C b sub-algebra is generated by
the matrix M and condition (16) leads to the following N:

2a —k1 0 n -1 0
M =i mxm mxk > , N = a2 ( mxXm m><l<:> 7
k—m ( Okxm — mlgxk E—m \ Ogxm  lixk

where k = n —m. One can choose a function k(\) for which x(z) € U(n) when z € R:

1+Z:a)\1
r1(Aa) = (1—182mem 2’:::) :
m

2. g=s0(n) and h = s0(2) ® so(n — 2). The M, N and the x(\) € SO(n) can be written as:

0 -1 0 O -1 0 00
1 0 00 0O -1 0 0
M=2,10 0 0 0 7 N=4¢2]10 0 10 ’
0O 0 0 O 0 0 01
A(Ma) —B(Ma) 0 0
B(Aa) A(Ma) 0 0
m(a)=| 00 10 ]
0 0 0 1
where
1— \2g2
A =
() = 1o
2\a
B(\a) = ———.
(Ala) T 2a?

3. g=1s50(2n) or g =sp(n) and h = u(1l) & su(n) For this case

0 -1
M=a nxn an) )
<1n><n Onxn

Since M? = —a?1 then N = 0. The x-matrix is the following:

K (}\’a) _ 1 Luxn —Aalyxn
s V1+ 22 )‘alnxn loxn )

We can check that k3(\) € SO(2n) and k3(\) € Sp(n) too.
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These matrices are the classical counterparts of the h = u(1)@su(m)dsu(n—m), h = u(l)Dsu(n)
and h = s50(2) @ so(n — 2) symmetric solutions of the quantum boundary Yang-Baxter equation
[7]{6][9]. The quantum reflection matrices are

c=0q

R1(0]c) = 11 (6]c) <c+9 mxm Omxk> ’
Oksem  Lkxk

A(@le) —B(@Ble) 0 0
B(lc) A(Blc) 0 0
Ry(0]c) = va(6]c) 8 8 (1) (1) ,

Rafole) =a(0l0) (fyr )

101,%n clyxn

where v;(0) are some dressing phases and

~ 1/c—k—0 —c—k-—80
A(Ole) = +
(6]c) 2<c—k+9+—c—k+9>’

B(mc):1<c—k—9 —c—k—9>7

2\c—k+0 —c—k+0
an—4
k——25n_2

For the classical limit we define a scaling variable h for which
0= M\/h, c =1i/(ha).
The classical limit is h — 0. In this limit the R-matrices are proportional to the x matrices:
Lim B;(A/hli/(ha)) ~ ki(Ala).
2.2.3. Lagrangian and symmetries

In the previous subsection we found reflection matrices parameterized as (11) which leads to
the following boundary condition:

1
it =5 [M 5] (17)
Using the left currents this condition takes the form:
1
J= 5 oMy J5]. (18)

One can obtain the same boundary condition in the Lagrangian description. The Lagrangian
density of the bulk theory is

1 1
Lpey = —7Tr [JE AxI"] = =T [J7 A7
Thus if we add a boundary Lagrangian function as

Ly = iTr (M J§] (19)

=0

we get the boundary condition (17). This boundary condition was already investigated in [7]
and [9]. It was shown that this is a conformal boundary condition for all M € g. Now we have
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just shown that it has a zero curvature representation too for some special M's which satisfy the
conditions (16).

Now let us continue with the residual symmetries. The bulk Lagrangian has G x Gpg
symmetries which are the left/right multiplications with a constant group element: g(x) —
grg(z) and g(x) — g(x)gr. The transformations of the currents are the following:

g1 JE = grdtgrt, JR 5 i,

gR : L IR = gt TR

We can see that the boundary Lagrangian breaks the G symmetry. The remaining symmetry
is Hr < G where Hp = exp(h). Since the current J¥ is invariant under G, the G, symmetry
is unbroken therefore the residual symmetry is Gj, X Hpg.

One can derive the Noether charges by the variation of the action but there is an easier way.
We know that the J* and J® are the Noether currents of the bulk G, and G symmetries. Let
us define the following charges:

0

QL = / Jeda,
70

Qp = / JEdz.

By taking their time derivatives we obtain

. 0 1 1
Qu= [ ortar=JE|_ = SleMg A = 300 (aMg )

=0 2 = =0
. 0
QR:/ o JEdz = Jf »
We can see that
~ 1
Qr=QL— 3 (gMg™) - and (20)
Qr =11y (Qr) (21)

are conserved charges.
Finally we note that we could have used the left current J with the x-matrix

KL(A) ~ 1+ AM + NN

This implies that the right reflection matrix, the boundary condition and the boundary La-
grangian are

1 1
kr(A) ~1+ g 1Mg+pg 'Ng

A
1
1
Ly = ZTr[MJOL] L

Therefore, in this case the residual symmetry is H;, X Gg.
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3. O(N) sigma model on the half line

The new reflection matrices of the PCM can be used to find new ones for the O(N) sigma
model. In particular, using the equivalence between SU(2) PCM and the O(4) sigma model we
have immediately new reflection matrices for the O(V) sigma model when N = 4. This solution
then can be generalized for even N.

3.1. Laz formalism for the O(N) sigma model
The field variables are n : ¥ — R”Y with the n”n = 1 constrain. The bulk Lagrangian is

1 1
LNLy = §dnT A *dn — §a(nTn —1).
from which equation of motion follows:
d*dn + (dn” A dn)n = 0.

We can define an O(N) group element as: h = 1 — 2nn’ which satisfies the following identities:
hTh =1 and h = hT. Using this, one can define a current: J = hdh = 2ndn” — 2dnn? which is
the Noether current of the bulk global SO(N) symmetry. The e.o.m with this current is dxJ =0
and the Lagrangian is

LNLe = —1—16T1“ |:j VAN *j] .
The Lax connection is very similar to the PCM but here the current is constrained.

: (P S
L) = 1550 + 7o5a ().

The double row monodromy matrix can be defined similarly as it was in PCMs. In the following
we look for solutions of the boundary flatness equation

Let us start with the constant x-matrices i.e. k(\) = U where U € O(N) therefore the
boundary flatness equation looks like

U<j0 —Aj1> - <j0+>\j1> U=0

which implies the following:

)\0 : j() == UjoUil, (22)
AL —J=UJ UL (23)

In this subsection, we assume that U? = 41 but we do not derive that. We will return to
this at the next section. There are two kinds of Us:

1. U =diag(1,...,1,-1,...,—1),

2. U = ( Onxn —lnxn ) where n = N/2.

1n><n Oan
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Let us start with the first case. Let the number of +1s and —1s be N — k and k respectively.
Let us use the notation: n = n + n, with

ﬁ:(’l’Ll,...,’l’LN_k,O,...,O) 5 le(0,...,0,nN_k+1,...,nN).

Using this, the equation (22) is equivalent to

(a75) fi = (8"5) &, (24)

(875) & = (A7h) A (25)
Similarly, from (23) we can get

(a"a)n’ = (aTA') A, (26)

(a’n)a' = (a’8) A (27)

Let us assume that n’h = 0 which is equivalent to h’n = 1 and i = 0. From this, the
equations (24) and (26) are satisfied trivially and the equations (25) and (27) look like

=
I

0,
0,

where we used that 0 = n’n = a7d’ + n’n’ = a?w’. We can see that this is the restricted

boundary condition to a sphere S* with maximal radius. Analogously, if we assume that h”h = 0
then

=
I

0,
0,

which is the restricted be to S™V~F with maximal radius.
What happens when a”h # 0 and 271 # 0. Let us multiply (24) with A7 form the left:

(27h) (37h) = (2"h) (878).,
Using that <ﬁTﬁ) + (ﬁT ﬁ) —0

therefore n’n = n7hH

0 which implies

n=0,
0.

=
Il

From this and equations (26), (27), we can see that there are too many boundary conditions
therefore the Jy = UJoU ™! and J, = —UJ;U ! are consistent boundary conditions if and only
if n =0 or n=0. In Subsection (4.3) we will see that x = diag(1,...,1,—1,...,—1) satisfies
the classical boundary Yang-Baxter equation if and only if h = 0 or n = 0.
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Let us continue with the second case i.e. UT = —U. Let us start with equation (25):
nn'? —n'n’ = UnnTU — Un'n’U
Let us multiply this with n from the right:
n' =Un (nTUn/)
From this we can obtain the following two equations

n'n? = +UnnT (nTUn')

nn'” = —nn”U (nTUn')

therefore
J =2 (nnTU + UnnT) (nTUn’)

Let us multiply this with U from the left and U” from the right.

ULUT = -2 (UnnT + nnTU) (nTUn’) =J;

Using this and the original equation (25) we can obtain that J; = 0 which is equivalent to n’ = 0.
But we also have equatlon (24) therefore we have too many boundary condition which means
that Jo = UJoU ! and J; = —UJ,U! are not consistent boundary conditions at the second
case. We will also see at Subsection (4.3) that the k-matrix of the second case do not satisfy the
classical boundary Yang-Baxter equation.

3.2. Spectral parameter dependent solution for N = 4

In the last section, we found a new spectral parameter dependent reflection matrix for the
SU(2) PCM. Since this model is equivalent to the O(4) sigma model we can obtain a new non-
constant k-matrix for the O(4) sigma model by changing the notation to the O(4) sigma model
language. We will see that this is a spectral parameter and field (!) dependent reflection matrix.

Thus we need to develop a dictionary between the SU(2) PCM and the O(4) sigma model.
Let us introduce the following tensor:

0 =2 0 1 10 1 0
O-(l)zo'z:<i O)’ 0-(210'4:<_1 O)’ Ugd:<0 _Z>7 O'Lolzd:<0 1)

which satisfies the following relations:

oG =8B _ 25[355

CVQZ

) ozoz J
Onaly =203,

where 529“‘5‘ is the complex conjugate of me. Using this we can change the basis in which the

group element g4 = SO(4) is factorized.

1 : o1
5ha (907577 = (91)(9m)7, (92)] = 500902 or)30
In this basis:
_ 1 _ (ng+ing ing+ng)
n=gmny — N=grgp= (inl Cny g in3> =g € SU(2), (28)

if ng = (0,0,0,1).
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We can also find the relation between the variables of the O(4) model (h,J) and the SU(2)
PCM (g,JE/B). Using n = gyng and h = 1 — 2nn” we obtain that h = g4jg} where j =
1 —2ngn! = diag(1,1,1,—1) € O(4). Since det(j) = —1, j is not factorized in the new basis:

j— (02 ® 0P,

where P is the permutation operator.
The group element h in the new basis takes the form:

h = (g1 ® gr)(02 ® 0}) Plg} @ gk) = ((902) @ (9o2)") P = P((9o2)' @ (g02)).

(g was defined in (28)) In the last line we used the following property: agga; = g and g denotes

the complex conjugate of g. We can see that h is not factorized. This is because h is not an
element of SO(4). It is convenient to introduce a new notation:

hy = goa, — h=hy®@hlP.
Let us calculate J in the new basis.
J=hdh=J'®1+10J%, (29)

where J denotes the complex conjugate of J®. The Lax connection in the new basis is:

ay o 1 L )\ L 1 TR
L(A)—<1_A2J t1 e Y >®1+1®<1—)\2J 1 e

* JR> =LV @1+1eLE()N).

Therefore the monodromy matrix of the O(4) sigma model factorized in the following way:
T(\) = Tr(\) @ Tr()).
The double row monodromy matrix in the new basis reads:
Q) = (To(=N) " @ Tr(=A)"ra(W)(TL(N) @ Tr(N)).

Before we calculate the new xk-matrix let us apply the formula above to the known constant
reflection matrices. The simplest known k4 is the identity matrix. This is factorized in the spinor
basis: K = k® = 1. Another known reflection matrix is x = diag(—1,—1,1,1) in the vector

basis. If we change the basis we get:

1 0 0 0

o — 0 -1 0 O :<1 O>®<1 O)
0 0 -1 0 0 -1 0 -1
0 0 0 1

thus x® = k! = diag(1,—1). These two reflection factors are consistent if they satisfy the
inversion property (6) i.e.

rL(A) = g(0)kr(1/A)g" (0)

which means that ¢ has to commute with them therefore g is restricted to H = U(1) at the
boundary.
There is another known reflection matrix: x = diag(1,1,1,—1) in the vector basis. If we

change the basis we get:
-1

= (02 ® O'T)P.

o O = O
O = O O
o O O
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We can see this matrix is not factorized. Using this formula for the monodromy matrix, we
obtain that

Q) = P(T' (-X) @ T (-A)(0] @ 02)(TL(N) © Tr(N)) =

= P(o}Tp (=NTL (V) @ (T (=N Tr(\)o).
This theory is consistent in the principal model language if ¢ = ¢ at the boundary which is the
boundary conditions (10).
These were the relations of the well known reflection matrices of the SU(2) PCM and the

O(4) sigma model. Let us continue with the new one. In the last section we found new reflection
matrices for the PCM model which for g = su(2) simplifies to

RR(A) ~ (14 AMg),
where Mp, is an arbitrary element of su(2). Without loss of generality one can choose Mp = aos.
We have seen that x”(\) = gr'(1/)\)g" so we have

1 _ _ 1 .
K(A) ~ (1 + XgMRg*> @ (14 A\Mg) = 1®1+A1®MR+X(gMRg*)®1+(gMRg*)®MR, (30)

Let us denote 1 ® Mpg in the vector representation by M. In the spinor basis hMh looks like
hMh = ((go2) © (go2)) P(1 ® Mp)P((9o2)" @ (g02)) = (9MRrg") ® 1, (31)

therefore

MhMh = hMhM = = [M,hMh], — (gMpg") @ Mg

1
2

Based on the above formulas, the new x-matrix for O(4) takes the following form:

1 1
H()\)N1+)\M—|‘X}LMh+§[M,th]+, (32)
where the matrix M looks like
0 0 1 0
0 0 01
M=al_1 4 o0
0O -1 0 0

We can see that this x is spectral parameter and field dependent too. We can give the boundary
condition which correspond to this x from the boundary conditions of SU(2) PCM (17),(18) and
(29).

Sh=Jte1+10Jf = %[gMRgT,JOL] @1+ %1 ® [Mg, JE
Using the definition of M
(M, Jo] =[1® Mg, JE @ 1+1@ JY =1 [Mg, JF]
and using (31)
(WM, Jo] = [(gMrg") ® 1, J5 @ 1 +1® J§'] = [gMgg', J§] ® 1

Therefore the boundary condition in language of the O(4) model is:

1 .
Jp = §[M + hMh, Jo]. (33)
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This boundary condition was investigated in [9]. Using the definition J = hdh = 2ndn” —2dnn?,

we can get an equivalent form :
n = Mn— (n Mn)n. (34)

From the boundary Lagrangian of the SU(2) PCM we get

1 1 v J
Ly = ;Tr[MpJf = STel(1® Mp)(Jf @ 1+ 16 Jf)],

8
therefore )
Ly = gTr[Mjo] (35)
which agrees with [9]. Using the variables n:
1 T .
L, = —5h Mn. (36)

Finally, we can see that the residual symmetry is U(2) = SU(2)., x U(1) g which is a subgroup of
SU(2)r x SU(2)r = SO(4). We saw in the PCMs that we have conserved charges Q7 and Qg.
The conserved charge in the SO(4) language are:

0= Quo1+18Q0r= Qo 1+16Th, @0 - 3(6Mag)|_ o1,

=0

which is equivalent to

Q=1 (Q) - %thL:O = 11, (Q . %th

M) , (37)

where h = su(2)r @ u(l)g, and @ is the bulk part of the charge:

0 ~
Q :/ Jodz.
—00
3.3. Generalization for N = 2n

The result for N = 4 can be generalized for any even N. We assume that equation (32) can
be used as k matrix for N = 2n i.e.

1 1
RA) ~ 1+ AM + ShMh 4 5 (M, hMh]., | (38)

M —a Oan 1n><n
_1n><n Onxn
We have to prove that the time derivative of the double row monodromy matrix is zero when the

boundary condition is satisfied. The quantity o) is zero when the boundary flatness condition
is satisfied

where

KAMN)| = M(=N)

=0

(A) = &(A), (39)

=0

Now the RHS is not zero since the x has field dependence.

&(\) ~ 8 (1 FAM + %th n % [M, hMB] +> — % [th, jo] + % [M, [th, J})H+



3 O(N) SIGMA MODEL ON THE HALF LINE 17

Using this, equation (39) leads to the following three equations:

A0 % [[M, hMB), | jo] _ [th, J}: = % [M, [th, jOH+
AL (M, Jo| 2 - % [[M, hMR], )y L= (A, Jo|
A2 . [M, j1: = —% [M, [th, jOH+

If we take the anti-commutator of the boundary condition (33) with M then we will see that the
third equation is satisfied. If we use the following identity

(M, M), , jo] n Hfo,M] ,thL - Hth, jo] ,ML —0

then the first equation can be written as

A 1 A
[th, Jl] =3 [th, [M, J0H+ .
This is also follows from the boundary condition.
Only the second equation remained. We have to prove that the following term vanish:

1 o
5 [ naan) 0] X (40)
Using the definition of h, we obtain that
MhMh = M(M — 200 M — 2MnnT) = —a®h — 2Mmn® M = hMhM.

Therefore
% [M,hMh), = —a*h — 2Mnn” M.
Since J; is anti-commuting with A by definition, we only have to prove only that Mnn” M is
anti-commuting with .J; too. For this, we have to use the boundary condition (33) which can be
written as
Ji = —2Mnan” — 200" M

Using this, we obtain that

(M0 M| = [Mon” M, 200" - 200" M] = 0.
+

Therefore the expression (40) is vanishing so the second equation is satisfied too which implies
that the double row monodromy matrix is conserved if the boundary condition (33) is satisfied.
After this derivation, let us continue with the symmetries. Now the residual symmetry is
U(n) < SO(2n) where H = U(n) is the subgroup which commutes with M. Since SO(2n)/U(n)
is a symmetric space we have a Zg graded decomposition so(2n) = h @ f where h = is the Lie-
algebra of U(n) so h = su(n) @ u(1). The u(1) is generated by M so [M,h] = 0 and [M,f] C b

therefore
M, X] €T, (41)

for any X € so0(2n).
For conserved charges, we can generalize the formula (37).

- 1 0o 1
Q =TI, (Q—ith‘ 0>:Hh </ Jodz — ShMh

—00

)
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We can check the conservation of these charges.

~ 1 o
sz) = 1T <J1 = [th, JOD
where we used (41).

The boundary Lagrangian can be written in the same form as we had for the case N = 4

(35) or (36):

- o0

* . 1 . .
Q =TI, <Q — (hMh -+ hME) y .

1 - 1
Ly = gTr[MJO] = —§nTMr'1.
These have been studied earlier in [9] where it was showed that this is a conform boundary
condition for any M € so(2n) but in this paper we showed more, namely that it has a zero

curvature representation only when M? ~1.

4. Poisson algebra of double row monodromy matrices

In the previous sections we found new zero curvature representation of PCMs and O(N) sigma
models on a half line. This implies the existence of infinitely many conserved charges. In this
section we want to prove that these conserved charges are in involution. For this we determine the
Poisson algebra of the double row monodromy matrices (whose trace is the generating function of
these charges). In the first subsection we summarize the formulas of general “bulk” non-ultralocal
theories based on [15]. After that we derive the Poisson-algebra of the double row monodromy
matrices and their consistency condition (which is the classical boundary Yang-Baxter equation)
when the Poisson-bracket of the reflection matrix and the Lax-connection is not zero. This is
a new result because, so far Poisson-algebras of non-ultralocal theories with boundaries were
investigated only when the rk-matrix was field independent [4, 8].

In the second and the third subsection we apply these general formulas for PCMs and non
linear sigma models. We will use the following notations:

Xi=X®1 Xo=1® X
Yo=Y ®1 Yo =1®Y
where X € End(V) and Y € End(V) ® End(V) for a vector space V.

4.1. The double-row monodromy matrices of non-ultralocal theories

The general Poisson-brackets of the space-like components of the Lax-connection for non-
ultralocal theories are the following [15]:

{L1(z[A), La(ylha)} = = [r12(z[ A1, A2), L1(z|A1) + La(]A2)]6(x — y)+
+[s12(2| A1, A2), L1 (A1) — La(z|A2)]6(2 — y)—

— (r12(z| A1, A2) + s12(z| A1, A2) — r12(y| A1, A2) + s12(y| A1, A2)) &' (@ — v),
(42)

From the anti-symmetry of the Poisson bracket (43) we obtain the following constraints on r-
and s-matrices:

r12(A1, A2) = =121 (A2, A1),
s12(A1, A2) = +s21 (A2, A1).

We can generalize the one row monodromy matrix for general paths from y to x:

T y\) = P&D (— /yxﬁ(z|)\)dz> .
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Let x1,2,y1,y2 be different positions and x12 > y12 then the general non-ultralocal Poisson-
brackets of the monodromy matrices are the following [15]:

{T1(z1.911M), Ta(2,y2|A2) } = t15 (Riptiz — tiaRi) L. (43)
where z¢g = min(z1,z2), yo = mazx(y1,y2) and

t1y = Th(x1, 20| M) Ta (22, 20| N2)
t12 = T1(w0, yo| A1) T2 (20, Yol A2)
th = Ti(yo, y11A1) T2 (Yo, y2|A2)

Ry = ria(xo| A1, A2) +sgn(z1 — 22)s12(20| A1, A2)
Ry = ria(yo| A1, A2) + sgn(ye — y1)s12(yo| A1, A2)

This Poisson-bracket satisfies the Jacobi identity (for not coinciding points) if the generalized
classical Yang-Baxter equation is satisfied:

[r23( A2, A3) + 523(A2, A3), 713(A1, A3) + s13(A1, A3)] +
+ [rasz(A2; Az) + s23(A2, A3), m12( A1, A2) + s12(A1, A2)] +
+ [r13(A1, A3) + 813(A1, A3), m12( A1, A2) — s12(A1, A2)] +
+ HEF (A, Aoy As) — HS TP (Mg, A, As) = 0

where

{L1(x[A1), (ro3(y|A2, A3) + 523(y| A2, A3)) } = —Hg;s)(h, A2, A3)0(7 —y).

For the calculation of the Poisson bracket of the global monodromy matrices (2) we have to
take the limits 1 — x9 and y; — y2. However, the Poisson bracket (43) is not continuous due
to the non ultra-locality. It is obvious that the equal intervals limit of the canonical brackets
does not exist in a strong sense. More precisely, any strong definition implies the breakdown of
the Jacobi identity for the canonical brackets of the global monodromy matrices (2).

However, it is possible to define this limit in a weak sense with respect to the canonical brack-
ets based on a split-point procedure and a generalized symmetric limit. We consider canonical
brackets of several monodromy matrices defined on intervals having coinciding end points. In
order to compute them, let us first split the coinciding points and use (43) which then gives
a completely consistent expression. Then if we symmetrize on all the possible splittings and
go to the limit of equal points we get the “weak” algebras e.g. the weak algebra of the global
monodromy matrices:

{Tl()\l),TQ()\Q)} = 7“12(0’)\1, )\Q)Tl()\l)TQ()\Q) — Tl()\l)TQ()\Q)TlQ(—OO‘)\l, )\2).

The formulas above can be found in [15] but in this paper we use a different conventions for the
Lax-pair i.e. we have to change £ — —L to get the formulas in [15]. In the following we derive
the Poisson-algebra. For this we need the x-matrices which were derived in the previous sections.
We saw that these matrices can depend on the fields but do not on the derivative of the fields
therefore we assume that

{ﬁl(.%")\l), lig()\g)} = —G12()\1, )\2)(5(.%’)

Let us continue with the generalized double row monodromy matrix:

Q(z|A) == T710, 2] — N)e(N)T(0,2|\) = T(z,0] — \)r(A)T(0, z|\).
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The Poisson bracket of Q(x|\) and Q(y|u) are not well defined even when x # y therefore we

have to use the split-point procedure. For this, we can define a shifted double row monodromy
matrix:

Q2 (z|A) = T(x, Al — Nr(ANT(A, z|)\)

where A < 0. A general s-matrix depends on the boundary value of the fields ¢,(0) (i.e.
k(A) = K(¢pa(0)|A)) but we can extend this to arbitrary space coordinate:

R(A[N) = K(Pa(A)[A).

Using these the Poisson bracket of monodromy matrices are

1 .
{Q(w1|A1), Q2(22]N2) } = 5 jm [{Q1(z1|A1), Q5 (w2 A2) } + {QF (1] M\1), Q2(22|A2)}] -
In the following we assume that

7“(—)\1, —)\2) = —T()\l, )\2),

S(—)\l, —)\2) = —S()\l, )\2)

Now we can calculate the symmetric limit:

{Qu(z1|M), Qa(z2|X2)} =t ([R12,w12] + wit Rigw? — W§2)R12W§2)) tio—

—T5 ( [T12(0|)\1, A2), K1 ()\1)%2()\2)] +
+ K1 (A1)7r12(0[ A1, =A2)k2(A2) — Ka(A2)T12(0[ A1, —A2) k1 ( A1)+
+ %(Glz(—)\l, X2)k1(A1) — K1(A1)Gr2(A1, Ao)—

— Ga1(=A2, M)k2(A2) + K2(A2)Gar (N2, )\1)>>Tf5- (44)
where z¢g = max(x1,x2) and

t1y = T1(z1, 20| — A1) T (22, 20| — A2)
wiz = Q1 (0| A1)Q2(w0|A2)
w® = Q(zo|A1)
w® = Q(x0|A2)
tly = T (zo, 1| \) T2 (20, 22| A2)
Rio = ria(xo| A1, A2) +sgn(za — z1)s12(0| A1, A2)
Rig = r12(z0| A, —X2) + sgn(xa — x1)s12(z0| A1, —X2)
Ty = Ti(z1,0] — A1) To(z2,0] — A\2)
T = T1(0, 21| M) T (0, 22[Ao)

The existence of infinitely many conserved charges in involution requires that the following
expression has to vanish.

[712(0[A1, A2), k1 (A1) k2 (A2)] + K1 (A1)r12(0[A1, =X2)K2(X2) — Ka(A2)r12(0| A1, —A2)k1 (A1) +

+ %(GH(_)\L X2)k1 (A1) — K1 (A1)G12(A1, A2) — Ga1(—=A2, A1) k2 (A2) + Ka(A2)Gai (A2, )\1)) =0
(45)
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This is the classical boundary Yang-Bazter equation (cbYBE). If the k-matrix fulfill this equation
then the Poisson-bracket of the double row monodromy matrix is

[(@1A), Qa(@alho)} = 15, ([Rizswna] + i Ruow? — P Rioo™) iy, (46)

This Poisson-bracket satisfies the Jacobi identity (this can be derived by a straightforward but
very long calculation). Using the split-point procedure and the symmetric limit we can calculate
the “weak” Poisson algebra of the global double row monodromy matrix (4).

{Q21(A1), Q2(A2)} = [r12(—00|A1, Az), Q21 (A1) Q2 (A2)] +
+ Ql()\l)mg(—oo\)\l, —)\Q)Ql()\l) — QQ(}\Q)TlQ(—OO’)\l, —)\Q)Ql()\l) (47)

Taking trace we get
{Tr[2(A)], Tr[Q2(A2)]} = 0,

which means we have infinite many conserved charges in involution.

4.2. Poisson bracket in PCMs

Let us specify now the previous findings for the PCMs. The Poisson-algebra of the currents
is the following [16, 17]:

{Jo(2)%Jo(y)} = [C,Jo @ 1]6(x — y),

{Jo(@)%11(y)} = [C, h @1]é(z —y) — CF'(x — ), (48)

{N1(2)9J1(y)} =0
where J = JAT, if {T4} is a basis in g for which we can define an invariant bilinear form
(T, Tp) = —%Tr[TA,TB] = Cyup and C = CABT, @ Ty where CAPCpp = 5@. This form can
be used to define a totally anti-symmetric tensor from the structure constant fapc = Capf gc
where [Ty, Tg] = ngTC. For semi-simple Lie-algebras there exists a basis for which Cap = dap.

In this basis the structure constant is totally anti-symmetric fapc = f‘é‘c = fABC and the
Poisson bracket looks like

{J5' (@), JZ ()} = fAPCIS 6 (2 — ),
{Jg4(x), TP ()} = FAPCICS(x — y) — 6288 (a — y),
{JiM=z), 7P ()} =0

In the following we will need the Poisson-bracket of the group element g and the current

JOL /B For this, we can use the following formula

4(z) = g(—o0)PED / " IR(y)dy = g(—o0)t(~o0,2),

where we used the definition:

t(z,y) = Pexp /y JE(2)dz
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and (48):
Yy
(B @)29()} = (1 © g(~ »/ (16 t(—00,2)) {JR(@)2IR(2)} (1 @ (2, y)) dz =
= (1®g(—)) /y (1®t(—00,2)) (— [C, 1® Jf%(z)] 5(x —2)+

—00

+C0.0(z — m)) 1®t(zy)) dz =

=(1®g(— / 0. (1 ®t(—00,2)) (Cé(z —2)) (1@t(z,y)))dz =
=(1®g)Cé(x —y).
Therefore

{J5(@)29(y)} = (1® g) Co(x —y) {JFf@)2g '} =-C(log )éx-y) (49)
{Jy(@)3g(y)} =-CAegdx—y) {J5=)3% ' W} =0cg")Cix-y)

The Poisson brackets of the space-like component of the Lax operator is [17]:

{L1(z| M), La(ylX)} = —[r12(A1, A2), L1(A1) 4 L2(A2)]6(z — )+
+[512(A1, A2), L1( A1) — La(X2)]6(x — y)—
—28()\1,)\2)5/(56— ),

where

T 1 A2+ 23 —2)\3)\3
A, Ag) = —= ! 2¢,
rdnA) = o e s )2 - )

B 1 AL+ Ao
sAd) = =5 e e -

C.

In [17] a different convention is used which can be obtained by the following changes: £ — —L A —
—A, v — —1. This Poisson-bracket is the same as (42) but in this special case the r- and s-
matrices are space independent.

Furthermore, we can find a consistency check for the classical boundary Yang-Baxter equation
(cbYBE) in Appendix C where we prove that if kr(\) satisfies the cbYBE then kp(\) =
gkr(1/X)g~! also does which has to follow from the inversion property of the reflection matrices.
In this derivation we have to use a non-trivial identity of the r-matrix

1 A A9
r12(A1, A2) = r12(1/A1,1/9) — < 1)\2 T )\2> Cha. (50)

In Appendix C we also show that this identity is a consequence of the inversion property and
the s-matrix has a similar property:

1 A Ao
812()‘15)‘2) - 512(1/)‘1’ 1/)‘2) < 1)\2 + 1— )\2) 012

In the following we solve the classical boundary Yang-Baxter equation for constant k-matrices.
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4.2.1. Constant k-matrices
Let k(A) = U where U € G is a constant matrix. The cbYBE can be written as
1

—— [C19, UL U-
)\1_)\2[ 12, U1Us] +

U,C12Us — Uy Ch12U7) =0
)\1+)\2(1 12U2 2C12U1)

This equation has to be satisfied for every Ai, Ao € C therefore
[012, U1U2] =0 and U1012U2 = U2012U1

The first equation is satisfied trivially because Ci9 is invariant i.e. Co = Uy U2C12Uf1U52. Let
us multiply the second by U; from the left and by U, ! from the right

UZChy = U UsCroUh Uy b = CaU
Using the explicit form of C'jo we obtain that
CAP [X4,U* @ Xp =0 = (X, U?] =0

for all X € g. Because we work with the defining representation (which is irreducible), U? has to
be proportional to the identity. This is the same solution which we obtained from the analysis
of the boundary flatness equation. Therefore we can conclude that the consistent solution of the
flatness condition and the cbYBE are the same for the constant k-matrix.

In the end of the Subsection 2.1, we saw that there is an other way to define a double row
monodromy matrix:

Q) = Tp(=A) "' UTR(N).

For this definition we should modify the formulas (45) and (47). However, this would require a
long calculation. Fortunately, we saw that there is another equivalent formalism of this boundary
condition:

Q(A) = Tr(=1/A) (g7 (0)U) Tr(A) = Tr(=1/N)&(A)Tr(A).
Using this, the generalization of (45) and (47) are the following:
r12(1/ A1, 1/X2) k1 (A1) k2 (A2) — Ki(A1)k2(X2)ria(Ar, A2)+
+ k1(A1)ri2(A1, =1/ X2)ka(A2) + ka(A2)r12(—1/A1, A2)k1( A1)+
+ %<G12(_1/)\1a A2)k1(A1) — K1(A1)Gr2(Ar, A2)—

— GQl(—l/)\Q, )\1)/@2(}\2) + Iig()\g)Ggl()\Q, )\1)) =0. (51)

{Ql()‘l)a QQ()\Q)} = 7“12(1/)\1, 1/)\2)91(}\1)92()\2) — Ql()\l)QQ()\Q)Tlg()\l, )\2)
+ Q1(A)r12(1/A1, =A2)Q1 (A1) = Qa(A2)r12(Ar, —1/A2)Q1 (A1) (52)

Let us check that the modified cbYBE (51) is satisfied. At first, let us calculate the Gs.

(L1 (M), ma()} = —1f—1A% (do(o)29 0} = - ilg Cralg~1U)ad(@)

therefore
A1

Gra(A1, A2) = —
1— )2

Cia(g7'U)s = —
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Using this, the modified cbYBE (51) looks like

r12(1/ A1, 1/ X2) k1 k2 — Kikar12(A1, A2) + Kir12( A1, —1/A2) ke + kari2(—1/A1, A2) K1+

1 1
( M >C'12f€1/<2+—

1 Ao
2\1-X 1-X3 21— )2

21— 2

161012162 — 162012:‘61 =0 (53)

Using the identities (50) and

L
21-X2

1 A

r2(A1, —1/A2) + _ <7~12(—1/)\1,>\2) - §W> = T12(A1, A2),
— A

the equation (53) can be written as
[r12(A1, A2), K1ka] + KiT12(A1, A2) ko — KaT12(A1, A2)k1 =0

where TAAd—1 A +A
~ )\ )\ _ = 11N\2 — 1 2 C )
F2(An; Az) 2Mh+1(N (A2 —1) "

Therefore the modified cbYBE can be written as

()\1)\24-1)(2)\%)\%—)\%—)\%) [012()\1, )\2), Iﬁ:llﬁig]—()\1—)\2)()\1+)\2)()\1)\2—1) (/<;1(3’12/<;2 — liQClglil) =0
Since the coefficients are linearly independent polynomials we have

[012, Iillig] = 0 and 1‘610121‘62 = Ii2012l-€1.
We have already solved these equations and the solution is k? = e i.e. g~!Ug U = e which is
the same constraint what we get from the boundary flatness equation.
There is another consequence of the fact that we had to modify the equation (47) to (52).
Now, the traces of double row monodromy matrices are not in involution i.e.

{Tr[Q1(A)], Te[Q1 (A)]]} # 0.
Nevertheless one can show that there exists a conserved quantity F()\) for which
{F(A), F(A2)]} = 0.
The explicit form being
FA) = Tr [Q1/NQN)] = Tr [T (=N&T(1/N)TH(=1/A)T(N)]

4.2.2. Spectral parameter dependent k-matrix

The k-matrices described in Section 2 fulfill the classical boundary Yang-Baxter equation
(45). The derivation can be found in Appendix B.

In [12] the following theorem was proven.

Theorem. Let U € G for which Ady defines a Lie-algebra involution and by := {X cglUXU ! = X}.
If K(\) is a solutions of the following cbYBE
1

o (G m eV +

A)C A) — ka(A)C A)=0
Ny (1(A)C12Ra(A) = 2(A)Crarn (M)
then k(A) = U for semi-simple b or k(\) = U + 1 XoU + O(A™?) for reductive b where Xq is a
central element of §. The k-matriz K(X) is unique for a given U (up to normalization) if we fix
the norm of Xj.
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Previously we showed that these solutions exist therefore we classified the field independent
solutions of the cbYBE.

We close this subsection with the Poisson-algebra of the Noether charges of the global sym-
metries. Let us start with the right charges

0
~(0 0
Q) =11, (Qg) =/ Iy (Jg' () dz
Using the Poisson-algebra of the current we can obtain that
5(0) o A0 (0
{OR9QR} = myemy) o €0 @1]

We can decompose the basis {T'4} into {75 € h} and {7}, € f} . Using these, the equation above
can be written as

{ Qg)a%@ég)b } _ fachgg)C

therefore they form the Lie-algebra b as expected. Let us continue with the Noether charges of
the left multiplication

B 0
Qu=Qu-5Mg | _ = [ JH@ds- Mg

2 —00 =0

The Poisson-bracket {Q(LO)Q?Q(LO)} is not well defined because it contains the following expression

o)

{/O Jo (w)dz? (gMg ")

— 00

therefore we have to use the symmetric limit (A < 0):

s im ({ [ st@ass o]} +{ [ " T (oM )=

[e.9] — 00

1 0 _ 1 _
= gilino{/ JE(x)dx® (gMg 1) xA} =3 [C, (gMyg 1)

—00

{/0 Jo (w)dz? (gMg™")

—00

Using this, we can obtain the following equation
(aP2a0) = [0.00 =1),
which can be written as A (0B o

Clearly these charges form the Lie-algebra g as expected. This calculation shows the importance
of the symmetric limit because if we do not use it properly then we cannot get the proper
Poisson-algebra of the Noether charges of the symmetry Gr.
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4.8. Poisson bracket in O(N) sigma models
The Poisson-algebra of the fields n; is the following

{nz(x)7 nj(y)} =0
{ni(x),nj(y)} = (6ij — ning) 6(x — y)
{ni(x), 7 (y)} = (ning —ning) 6(x — y)

From this one can calculate the Poisson-algebra of the currents [18]:

o

{do@5h)} = [C.do@) & 1] bz —y)
{o@2h)} = | Ji() @1] 8z —y) —20(1)8 (@ ~ y)
0

where

MNe)=C(Z(zx)o )+ (Z(x)@1)C=C(1l®Z(x))+ (1o Z(zx))C

and (P)ijx = 0idjk, (K)ijr = 0ixdj are the permutation and the trace operators and (Z2);; =
’I’Li’I’Lj.

Using this, one can obtain the non-ultralocal Poisson-algebra of the space-like component of
the Lax-connection (42) where the r- and s-matrices are

. Ao ()\1 — )\2) ()\1)\2 + 1) .
rleln ) = S A, — 1 T e m D — ) e — 1) @
s(xz|A1, A2) = (A1 + o) I'(x)

-0 -1

At first, we solve the cbYBE for constant k-matrices and after that we check the spectral pa-
rameter and field dependent x-matrix.

4.3.1. Constant k-matrix
For k(A\) =U € O(N), the cbYBE looks like

[r12(A1, A2), U1Us] 4+ Uiriz (A1, —=A2)Us — Uaria(A1, —A2)Up = 0.

After substitution, we obtain the following four equations:

[Ci2,U1Us] =0
Ui1C12Us = UxC12Uy
12, U1Uz] =0

Uil'12Us = UoI'12U4

The first equation follows from the fact that U € O(NN). From the second equation if follows
that U? = +1 i.e. U = £UT. Multiplying the fourth one by U; from the left and right, we can
see that the third one comes from the fourth. Let us write the third one explicitly.

C1222UUs + Z2C12U Uy = U UaCh9Z2 4+ U U ZoCho
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Multiplying by U{ UJ from the left, we obtain the following
C2U;y ZoUy + Uy ZoUsCha = C12Zo + Z5Cha.
Using the explicit form of Co, we can obtain that
(Pra — K12)(Zs — Uy ZoUs) = (Zo — U3 ZoUs) (K12 — Pra).

Let us multiply by Pjs from the left.

Zy — K192y = K192 — 7,
where Z = Z — UT ZU. Taking the trace on the first site:

NZ-Z=7"-T(Z)1

Using that Z;‘F =7y, Tr <Z) =0 and N > 2, we obtain that

Z =0.

Since U can be U = U7, there are two cases.

1. U =U". Using a global symmetry transformation U can be diagonalized as

In—k ON—kxk )
U —
< Opxk  —1g
and Z in the same block diagonal form looks like

P anl  aa’
~ \ nal an?

- 0 2nn”
Z_<ﬁﬁT 0 >

therefore Z looks like

From this explicit form we can see that Z = 0 if and only if h = 0 or fi = 0.

2. U= —UT. Using a global symmetry transformation U can be diagonalized as

0 -1

=" o)

where n = N/2 and Z looks like
- (oo oo

nn- +nn° nn° —nn
Multiplying the off-diagonal terms by n form the right, we obtain

i (A’h) = —n (a’A)
and multiplying this by A’ form the left, we obtain

(a™a) (2"A) = 0.

27

At first, let us assume that i # 0 therefore n” i = 0. Substituting this to the previous
equation, we obtain that i = 0. Using this in the diagonal term, we obtain that nn’ = 0

which contradicts to i # 0. Therefore i = 0. From n”

cannot be a solution of the cbYBE.

n = 1 and from the diagonal,
we obtain that i’h = 1 and nn’ which is a contradiction. Therefore anti-symmetric U

We can conclude that we have obtained the same constant s-matrices from the cbYBE as we

got from the boundary flatness condition.
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4.8.2. Spectral parameter and field dependent k-matrix

If we want to check that the new k-matrix (32) satisfy the classical boundary Yang-Baxter
equation (45) then we have to compute G12(A1, A2). For this, we will need the following Poisson
brackets:

{(Jo i k(Y } (0jkni — dirmj) O(x — y)
{% Sh(y)} =[1®h,Clo(z —y)
{Jo() Mwhy} (1®h)[C;1@M](1®h)+[1®hMh,C))d(z —y)

From this
GO w)d() = — {2l <>}:ﬁ(1®(§+M)>{Jo S(hM)(0)}

therefore .

nl— N2
We checked the cbYBE for O(4) and O(6) sigma models with explicit calculations using Wolfram
Mathematica. For this, we parameterized the sphere with stereo-graphic coordinates:

Gra(\p) = (1 + pMs) (ha [Cr2, Ma] ha + [(RMh), , C1a])

28
= fora=1,....N—1
Ng 1+§2 or a , s
1—¢&2
nN =-—;5
N 1_|_£2

where
N-1
&= &k
a=1

Using this parameterization we can calculate explicitly the matrices r(\, p), G(A, 1), k() and we
can substitute these into the cbYBE. Using Mathematica we have checked that the cbYBE is
satisfied for O(4) and O(6) sigma models.

5. Conclusion

In this paper new double row monodromy matrices have been determined for the principal
chiral models. The corresponding integrable boundary conditions break one chiral half of the
symmetry to G, X Hr where Hgr was not arbitrary but G/Hp had to be a symmetric space and
the Lie algebra of Hr was not semi-simple. We determined the boundary conditions which cor-
respond to these monodromy matrices. Both the monodromy matrices and boundary conditions
contain free parameters.

We used these results for finding new monodromy matrices for the O(N) sigma models.
At first, the SO(4) = SU(2); x SU(2)g isometry was used to determine the SU(2);, x U(1)gr
symmetric k£ matrices for SO(4) sigma models. These new spectral parameter dependent k
matrices were then generalized for O(2n) sigma models. They corresponds to U(n) symmetric
boundary conditions.

We also showed that these x-matrices satisfy the classical boundary Yang-Baxter equation
therefore there exist infinitely many conserved charges in involution i.e. the boundary conditions
proportional to these ks are classically integrable.

There exist quantum O(4) sigma models which have reflection matrix with two free parame-
ters and the residual symmetry is O(2) x O(2) [10]. Therefore one interesting direction to pursue
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would be to find the classical field theoretical description of these quantum theories i.e. x ma-
trices and boundary conditions which have two independent parameters and residual symmetry
O(2) x O(2). In the language of the SU(2) PCM, this means boundary conditions which inde-
pendently break left and right symmetries. These results could be then generalized to general
PCMs.

As a last remark, it would be interesting to check that the quantum version of the x matrices
determined in the paper are really the known reflection matrices. This could be done in the large-
N limit. Recently, the large-N limit was studied for the CP? sigma models on finite intervals
e.g. [19]|20]. These methods may also be applicable to the models studied in this paper.
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Appendix A. Non-local conserved charges

If we expand the monodromy matrix around A = Ay we get infinitely many conserved charges
which are generally non-local. In this section we will deal with the expansions around A\ = oo
and A = 0 and we will give the first two terms of these series.

Appendiz A.1. Expansion around \ = oo

We will start with the expansion of the one row monodromy matrix

Tr()) = P& </0 —ER()\)dx) ~ oxp (i <_§>T+l gy) _

e r=0
Loy, 1 (o, 102
1- 1@k +A2< RH5QR )+ (A

Since

1
1—A279

A

1

J& "

JRE - SJf 4.

the expansion leads to
1 0 1 0 0 T1
Tr(N) =1-— X/ J&(x)dx + 2 (/ JE(x)da +/ / Jé%(xl)Jé%(mg)dxldm) +...
which gives the first two charges

o _ [°
Q) = [ s,

—00

/ ' Hiw)de + /_ OOO /_ Oo (@1, I8 (22)] daydrs.

—00

QY

In order to calculate the expansion of the monodromy matrix we will also need the following
series:

o0

. 1\ o Lo, 1 W 1 02
Tp (=A) =exp _Z<X> Qr :1_XQR +F<_QR +§QR >—|—..., (A.2)

70
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In Subsection 2.2, the classification of the new x-matrices are showed. For g = so(2n),sp(n),
h =u(l) & su(n) the form of these are the same:

1

where M generates the u(1) and M? = —a?1 and M = —M7. The generalization for other x
matrices follows straightforwardly. The expansion of the k is the following:

,‘<;()\):U—i-i !

1
a/\_§WU+"' (A.3)

where M = aU. The conserved charges come from the expansion of the double row monodromy
matrix.

B 0 1 r+1 ~(r
Q) = TRl(—)\)/f()\)TR()\) =U -exp <22 <_X> QSR)> =
0
2 = 2 ~ ~
U-JUQR + 53 (V@R +UvQR*) +...,
where {Qg)} is the infinite set of conserved charges. In the above equation multiplication with
U is necessary for the proper normalization because

lim Q(\) = U.

A—00

Using (A.1), (A.2) and (A.3):
Lyo 1 m 102
Q()\)=|:1—XQR+E<—QR +5Q@p" ) |
ot B PR N S PNV RN (O _
[U+aA 2(aA)2U+”'] [1 AQR+A2< R RQR )| =
1 1
:U——U< g)+UTQ§§)U—aUT>+

A

1 1 9 1

From this the first two conserved charges are the following:

QY — 1, (Q;‘Q)) + 1y

2a
= (08) 5 [ (0.1 (0)] 5 ] -

)+ o)+ o ()]

The first charge is equivalent to the charge (21) (up to a constant). Qg) is very similar to the
charge for the g € H restricted boundary condition but there is an extra term: [U, Qgg)} [21].
These charges also satisfy the relations: Qgg) € h and Q%) €.

For a crosscheck we can take the time derivative of these charges and we will see that they
all vanish.
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Appendiz A.2. Expansion around \ =0

For the expansion around A = 0, we can use the inversion property of the double row mon-
odromy matrix (7):
() = g7 (=o0) (TL =1/ (959 ™) | TL(1/Y) gl(—00) =
g (~o0)exp (2 i(—»r“@?) g(—00) (A4)
70
We can do the same calculation as before:
TN (g0 | Te/) =

1
2)\< - oyt >+2)\2< A [QL,g g

therefore the conserved charges are the following:

J,-5)+
— —a
r=0J + 4

QW = Q!0 - gM!f1
QL :0.

We can see that the first conserved charge is equal to the Noether charge of the left multiplication

)

=0

symmetry (20): Q(LO) = Qr. The second set of charges vanish. This is similar to the case of the
free boundary condition (g = b) in [21].
Appendix B. Classical boundary Yang-Baxter equation for the new ks

In this section, we prove that matrices described in Subsection 2.2 fulfill the cbYBE (45).
We start with the N = 0 case. For this, the cbYBE (45) looks like:

[012, (1 + )\1M1)(1 + )\QMQ)] +

A1 — Ao
+ ST <(1 + )\1M1)012(1 + )\QMQ) (1 + )\QMQ)Clg(l + )\1M1)> ; 0. (Bl)
1 2

This equation is satisfied thanks to the following identities:
[Cra, M| = —[Cha, M2, (B.2)
[C1a, M1 Ma] =0 (B.3
M1012M2 = M2012M1. (B4

Equation (B.2) follows from M € g.
[C12, My] = [Ta, MPTp) @ T4 = f{pMPTo @ T = —MPTc @ [T, T] = —[Cha, Mo).

Equation (B.3) and (B.4) follows from M? ~ 1 which means MT, M~ = T, and MT,M~' =
—T, where T, € h and T,, €§.

[Clo, My M) = TaM @ TAM — MT4 @ MTA =
=TuM QTAM — (T,M @ T°M + (=T, M) @ (=T*“M) = 0.
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The derivation of (B.4) is similar.
In the following we will continue with the N # 0 case. The cbYBE looks like:

M= [012, (1 + )\1M1 + )\%Nl)(l + )\2M2 + )\%Ng)]—F

1
A1+ Ao

+ <(1—|—)\1M1 + A2N1)Cra(1 4+ Ao My + N3 No)—

2

— (1 + XMy + )\%Nz)clz(l + A\ M+ )\%Nl)> =0. (B.5)

The matrices M and N satisfy the following identities:

[Cr2, My] = —[C12, My], (B.6)

[Ch2, M1 Ms] = —[Ch2, N1] — [C12, No], (B.7)
MC1oMy — MyCioMy = —[Cha, N1] + [Ch2, No], (B.8)
[C2, M1 N3] = —[C12, N1 Ms), (B.9)

[C12, M1 N3] = M1C19No — NoChoM;. (B.10)
[C12, N1 N3] = 0, (B.11)

N1C19Ng = NoCiaNy. (B.12)

Using these, the equation (B.5) is satisfied. The identity (B.6) is satisfied because M € g. Let
us see (B.7) and (B.8).

[Cr2, My Ms] — M1Cra My + MyCioMy = [[Cr2, M1], Ma], =
= —[[C12, M3], Ma] . = —[C12, M3] = —2[Ch2, No]

[Cr2, My Ms] 4+ M1C1a My — MyCioMy = [[Cr2, Ma], M1], =
= —[[C12, M1], M;], = —[Ch2, M}] = —2[Ch2, V1]
where we used (16). By adding and subtracting the equations above we can get (B.7) and (B.8).
Equations (B.11) and (B.12) follows from N? ~ 1 similarly to (B.3) and (B.4).

Now we only have to prove the equation (B.9) and (B.10). This can be done by using the

explicit forms of M and N which were shown in Subsection 2.2. When N # 0, (MN —cl) € g

where ¢ is a number. For (g = su(n), h = u(1l) ®su(m)dsu(n—m)) c = i‘lf—;“ and for (g = so(n),

h=1s50(2) ®so(n—2)) c=0.

[Ch2, M1 No] = (C1oMy Nyt — MyNoCia Ny Ny DN Ny =
= (C1aM Nyt — MyN; ' Cha) N1 Ng = [Cha, My Ny Y|N1 Ny = —[C1a, Mo Ny N1 Ny =
= —(C12N1 My — MyNy ' C1a N1 No) = —(C19Ny My — My N1 Cya) = —[Cya, N1 Ma), (B.13)

where we used M N — ¢l € g and (B.12). Finally let us see the derivation of (B.10):

[Clg,MlNQ] = [Xa,M] QR X*N + [)(O”]\I]Jr QR XEN =
= [M, X,] @ XN + [Xo, M], ® X*N = M1C12Ny — NoC12 M,

where we used that [M, X,] = 0 for all X, € b.
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Appendix C. Consistency check of the cbYBE

In the PCM we can work with right or left currents. For a general boundary condition the k-
matrices can be different using right or left currents. Let x” and % be these two x-matrices. We
saw that the double row monodromy matrices and the sk-matrices have the inversion property:

QL (N) = g(=00)Qr(1/A)g~" (=00),
(V) = g(0)x™(1/\)g~(0).
The classical boundary Yang-Baxter equation (cbYBE) for x¥()\) and x*(\) are the following:
[r12(A1, A2), K M) (N 2)]+
+ n/ (00 —2o)my 02) = w3 Oa)ria(, —da)t ™ )+
1
3 (G1L2/R(—>\17 o)y () =y OGO, Me)—
— Gy (=Xa, M)y () + ﬂL/R(M)Gfl/R()\z’)\l)) =0 (C1)
where we assumed that

{er™ @, s 0w | = 61" (A )o@

This assumption implicitly contains that x2/% does not depend on the time derivative of the
fields.

In the following we prove that if x*(\) satisfies the cbYBE then xf(\) = g~ 'x%(1/\)g also
does. At first let us assume that x”()\) satisfies the cbYBE (C.1). Let us see G,

Glo(A1, A2)d(x) = — {L5(x[A) 2" (N2) } = — {g(@) LT (2[1/A1)g  (2) + I (2)96"(1/A2)g ™'} =

g®yg (GR(1/A1, 1/Xo) — _—)\% [C,1® nR(1/>\2)]> g teglé(z) (C2)

where we used that % does not depend on the time derivative of the fields and equation (49):
{JH(@)%g(y)} = (1@ g) Co(x — y) {J5(2)29 (y)} = —C (10 g7") d(z —y)

Since the r-matrices are proportional to C' then g; 192_ 17"1291 g2 = r12. Using this and (C.2) in
(C.1) we can obtain the following:

[7’12()\1, )\2), Ii{%(l/)\l)lﬁg(l/)ﬁ)] +
+ R (L/A)r12 (A, =A2)kS (1) A2) — k5 (1/A2)r12 (A1, = A2) 1 (1/ A1)+

45 (GB1/AL M N) — U/ AE /A, 1/ 00) -
=GR (=1/20, /)R %) + 65 (1/20)GH (1/22,1/3)) +
%ﬁ—l)\% [Cra, 5 (1/ X)), i1 (1/A0)] , — [Cra, k1 (1/A)] K5 (1/A2)], =0 (C.3)
Let us see the last two terms

Sl [Cua, 6 (1/20)] ] <1/A1>]+ -

— A
1
1—)\2 1—A

2
2
*é (1 i 2 iig) (K1 (1/ A1) Crard’(1/X2) — k5 (1/A2) Crarf (1/A1))  (C4)

Iﬁ:
1 X
21—\

>\2

[[Clwﬁ (1/A)] w5 (1/A2)], =

1
21
> Cia, k1 (1/A1)R5 (1) A2) | +
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The second line of (C.4) can be merged with the first line of (C.3) and the third line of (C.4)
with the second line of (C.3):

1-X 1-X3
A N Ao
1-X2  1-X3

r2(A1, A2) + 1( Mo b >012=7°12(1/)\1,1/)\2) (C.5)

7“12()\1, )\2) 1 < > 012 = 7“12(1/)\1, —1/)\2) (C6)

Using this in (C.3) we get
[r12(1/ A1, 1/A2), w1 (1/ A1) k5 (1/A2) ]+
+ 1 (1/A)r2(1/ A, =1/ A2)R5 (1) A2) = k5 (1/A2)r12(1/ A1, =1/ Aa) w1 (1/ A1)+
45 (GI 170, 1280 /A0 = fE MG (10, 1/30) -
F(=1/X2, 1/ MRS (1/A2) + £5(1/A2) GEL (1/ A1, 1/)\2)) =0

After changing 1/A; and 1/\y to A1 and Ag, the last equation is the cbYBE for k. Therefore
we proved that if x”()\) satisfies the cbYBE then x®(\) = g~ 'xk¥(1/\)g also does.
Finally, we prove that equation (C.5) follows from the Poisson algebras of £ and L£® (42):

(7R @n), L5 (o)} = — [z, Ae), £7 () + L5 (h0)] 8(a — y)+

+ 51200, 22), L7 () = £5F (0)] 82 — )~ (C.7)
—2512()\ )\ )6’(56— )

and the inversion property
L) = gLR(1/N)g ™ + U
JHR

. Let us start with the left connections.
(L7 (x[A), L5 (yha)} = {(9£7(1/Ng ™ +U"), (@), (9£%1/ N g +U"), ()}
The r.h.s. is equal to the sum of the following three terms
{(£R/A)97Y), (@), (9£7(1/2)g7"), ) } =
=g1()ga(y) { L1 @1/ M), L5 (y[1/X2) } 91 ()95 () +

+ 9192 [C12, LF(1/X2)] g7 g5 '6(x — y)— (C.8)

where we used the notation: UL/E =

1
1— X2
A 1
—1_—2)\29192 [01275{%(1/)‘2)] 91 g3 o(x —y),
2

A1

{1/ 2)g™"), (2). Uy ()} = = 1= AQ ([Cro, U] (2 —y) — CF'(z = y)) (C.9)

(UH@). (0£" 1 /2™, 00} = - 255
Let us calculate the first term in the r.h.s of (C.8).
91(2)g2(y) L7 ([ 1/ M), L5 (1 /A2) bgr ()93 (y) =
—[r12(1/A1,1/A2), LT (M) — UL + L5 (A2) — Uy |6(x — y)
+s12(1/M,1/X2), L7 (M) = UF = L3 (N2) + Uy [6(x — )
=201(2)g2(y)s12(1/A1,1/A2) g1 (2)g5 ' (1) (@ — )

([Cra, U] 6(x —y) — CF'(x —y)) - (C.10)

el
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where we used that g192C129; 1 9o 1 — (C'19. The third term can be written as

—291(2)g2(y)s12(1/ A1, 1/ A2) g7 (2) 95 ()8 (& — ) =
= —2512(1/)\1, 1/)\2)6/(56 — y) + 2 [512(1/)\1, 1/)\2), UlL] 6($ — y)

where we used that (f(x) — f(y)) 0 (x —y) = —f'(z)d(z — y). Using these the formula above can
be written as

g1(2)g2(y) { LT (2|1/ M), L5 (yI1/X2) a1 ()95 (y) =
—[r12(1/A1,1/ A2

);
+[s12(1/A1,1/22),
—2812(1/)\1, 1/)\2)

L (M) + L5 (M)]d(z — )+
LY (A1) = £5 (%
"z —y).

Summing the equations (C.8), (C.9) and (C.10), we can obtain

T12 1/)\1,1/)\2)

(CHIn), LA} [ c) ,ﬁwnwéuzﬂ 5 — y)+

(
|:<312 (1/A\1,1/A9) — 2 + = Cu) LT (A) — ﬁ%(&)} 6(x —y)

a1+a2

-2 <312(1/A1, 1/X2) — Cm) 'z —y)

where we used the following notations

)\1 >\2

= —— a9y = ——.
MmN 271N

From the original Poisson bracket (C.7), we can see that the r- and s-matrices satisfies the
following identities

1 A A
r12(A1, A2) = r12(1/A1,1/A2) — 5 ( 1)\2 z > Cia,

1—)\3
1 A A
812()\1,)\2) = 512(1/)\1,1/)\2) — 5 <1 1)\2 + 1 2)\2> 012.
1 N2
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