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Abstract

This thesis aims to examine overlaps between Matrix Product States and Bethe states that are relevant
to defect versions of ' =4 Super Yang-Mills. The relation between conformal operators in the so(6)
and su(2) sectors with Bethe states of the corresponding spin chains in the planar limit and at one-loop
order is explained through Feynman diagram calculations and the relevance of spin chain overlaps to the
dCFT is established. The Heisenberg model is introduced and solved using the algebraic Bethe ansatz.
The Yangian of gl(N) is defined, its connection to the algebraic Bethe ansatz is noted and it is used
to derive the Bethe equations for a spin chain in an arbitrary gl(N) representation. The connection
between the boundary Yang-Baxter equation and integrable matrix product states is explained and
the relation between solutions to that relation and twisted Yangian representations is established.
For the (SU(3),50(3)) and (SO(6),SO(5)) symmetric pairs, twisted Yangian representations are used
to reduce ratios of overlaps between the matrix product states and Bethe states to transfer matrix
eigenvalues. The transfer matrix eigenvalues are computed.
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Introduction and Outline

Holography is a property which is generally expected of theories of quantum gravity. The Holographic
principle states that the information theory of a gravitational theory defined in a volume (called the
bulk) can be encoded on the boundary of that volume. In string theory, holography is realized in the
form of gauge/gravity dualities, where the dynamics of a string theory in the bulk can be reduced to
those of a gauge theory on the boundary.

A concrete example of such a duality is the AdS5/C FTy correspondence, first conjectured in [16]. The
string theory on one side of the duality is a type I1B superstring theory on an AdS5 x S5 background.
Its holographic dual is a N' = 4 Super Yang-Mills QFT, with an SU(N) gauge group, defined on
the boundary of the anti-de Sitter space. Though this conjecture is believed to hold in general, it is
usually studied in the planar limit of the CFT, where gy — 0 and N — oo, such that the parameter
A= g}% u IV is constant. The correspondence has the form of a strong/weak duality i.e. if X is chosen
to be large (strong coupling), the dual theory exhibits weak string coupling and low curvature. This is
an example of the utility of the correspondence, as it allows for perturbative calculations to be carried
out on the AdS-side, that would not be possible on the strongly-coupled CEFT.

One of the several remarkable properties of N' = 4 SYM is its planar integrablity, namely that, in
the planar limit, the full spectrum of anomalous dimensions and the corresponding good conformal
operators can be determined. This was first found for the scalar sector of the theory at 1-loop order by
mapping the corrections to the dilatation operator to the Hamiltonian of integrable SO(6) spin chain
[18]. The extension of this result to the entire theory and at all loop orders similarly involves mapping
the dilatation operator to a (super)spin chain, the integrability of which implies the integrability of
N =4 SYM [3],[4]. The most simple spin chain, namely the su(2) spin chain or Heisenberg model, has
been known to be exactly solvable since 1931, through the what is now called the coordinate Bethe
ansatz method [5] Other techniques that were later developed to solve the Heisenberg model, such as
the algebraic Bethe ansatz, have been successfully generalized to solve more complicated spin-chain
models.

Some interesting variations of the original AdS/CFT correspondence rise by introducing certain D-
brane setups on the string theory side. This breaks part of the symmetry of the original theory and
its holographic dual has the form of a defect conformal field theory (dCFT), where integrable struc-
tures can also appear. In particular, in some defect variants of N' = 4 SYM, the tree-level vacuum
expectation value of some conformal operators, which can be non trivial due to the partial breaking of
the symmetry, has been mapped to the overlap between spin-chain eigenstates and certain integrable
matrix product states (MPS)[15] . In some cases these overlaps have been calculated by utilizing the
relation between the MPSs and boundary integrability. The aim of this thesis is to present and explain
these calculations.

To that end, the first chapter introduces N’ = 4 SYM with an emphasis on its conformal symme-
try and the constraints it imposes on two-point scalar functions at tree level. Then, some 1-loop
order calculations are performed in the planar limit, leading to the relation between the dilatation
operator of the SO(6) and SU(2) sectors with the respective spin chains. Furthermore, we will see an
example of how tree-level one-point functions in the dCFT can be calculated through overlaps between
MPSs and spin chains, which motivates their calculation. In the second chapter, we will introduce the
Heisenberg model and explain its original solution by Bethe. However, the main focus of that chapter
is the algebraic Bethe ansatz (ABA) approach of solving the system. In particular, we will see how
the fundamental commutation relations (FCR) of the Lax operators guarantee the commutativity of
the transfer matrix, which renders the system integrable. In chapter 3 we will introduce the Yangian
algebra and investigate the connection between its representations and the fundamental objects of the
ABA approach. Then, as an example of the utility of the Yangian in integrability, we use it to derive
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the Bethe equations and transfer matrix eigenvalues for a spin chain in an arbitrary gl(N) representa-
tion. In chapter 4 we will see how integrable MPSs can be generated from boundary integrability and,
in particular, from solutions of the boundary Yang-Baxter (BYB) relation. We will then see how the
BYB equation is related to representations of twisted Yangian algebras and how the latter can be used
to extract relations between MPSs. The last two chapters are devoted to calculating overlaps between
specific MPSs and Bethe states of their corresponding spin chains. This is achieved by initially using
twisted Yangian representation theory to extract the exact relation between the MPSs and some sim-
pler states. Then, the computation of the overlaps reduces to some transfer matrix eigenvalues, which
we will also see how to obtain.
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1 N =4 SUPER YANG-MILLS

1 N =4 Super Yang-Mills

1.1 The Lagrangian and the Gauge group

The theory consists of six scalar fields ¢;, four 4-dimensional Majorana fermions v and the 4-dimensional
gauge field A,,, subject to the action

2 1 1 7 - 1- 1
Ssvar = [ d'aTr [—4FWFW — 5 DudiD by + SUTH Dyt ST (01,0 + (101 04116.65]
(1.1)
where I'; are ten-dimensional gamma matrices. The covariant derivative is defined as
D, =0, — 1Ay, (1.2)
and the field strength is
ELV = aMAV - aVA[L - i[Auy Al/] (13)

The gauge group we consider is U (V). The scalar and fermion fields transform covariantly under gauge group
transformations, which means that they transform in the adjoint representation of U (). For an infinitesimal
transformation parametrized by ¢, this implies

X = x+[e ] (1.4)
for x being either a scalar or fermion. The gauge connection instead transforms as
Ay — Ay +0ue + e, AL (1.5)

Using this, it can be shown that F},,, and D, x transform covariantly. Gauge invariant operators are constructed
as traces of products of covariant fields. Taking, for example, two scalar fields ¢1,¢2, it is straightforward to
show that T'r[¢1 ¢2| is invariant under the infinitesimal transformation. We have

Tr(¢162] = Tr(prge] + Tr(dule, ¢2] + ¢2le, ¢n]] + O(<?) (1.6)

and using the cyclicity of the trace we can see that

Tr(pile, g2]] = —Tr[p2[e, $1]], (1.7)

and the O(e) term vanishes. Additional operators can be constructed by taking products of such traces. How-
ever, this thesis focuses on the t'Hooft limit, where ¢ — 0 and N — oo with A = ¢g?N constant and in that
case it suffices to look at single trace operators. Also, in that limit, N — oo suppresses the contribution of
non-planar Feynman diagrams to correlation functions, so that only the planar ones need to be considered.

1.2 Conformal Symmetry

Apart from the gauge symmetry, N = 4 SYM theory enjoys extended spacetime symmetry in the form of
the projective superconformal group PSU(2,2| 4). We will focus on its SO(4, 2) subgroup, which generates
conformal transformations.

The conformal algebra and CFTs
The conformal algebra is an extension of the Poincare algebra. In addition to the generators of Lorentz transfor-
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mations J,,, and translations P, it includes the dilatation D and the special conformal transformation (SCT)
K,, and reads

[Jyws Bl = i (nup Py = 1p Py (1.8)

[Juw Jpo] =1 (Uupjvcr + Mo Jup — Mpdpuo — UMUJVP) (1.9)

[y K] = 1 (1up Ky — Mp K1) (1.10)

[Ju, D) =0 (1.11)

[D,P,] =iP, (1.12)

(D, K,] = —iK, (1.13)

(D, Kp] = =2i (D — Juw) (1.14)

[K,,K,]=0 (1.15)

The general infinitesimal coordinate transformation generated by this algebra is

oxt = M — xt = a' + wha? + Azt 4 b, (g x? — 22taY), (1.16)

where a* + whz" is the familiar Poincare transformation, while Az* and b, (g"*x? — 2x"x") are generated by
D and K, respectively. The finite transformation of the dilatation is a simple rescaling of the coordinates

at — Azt (1.17)
while K, generates the rather complicated finite transformation

ah + bha?

%
TN 2% 1+ 222

(1.18)
where b - x = g,,,, 0" x”

The operators of a Conformal Field Theory are representations of this algebra. In d = 4 dimensions, the con-
formal algebra includes so(1,1) @ so(3,1) as a subalgebra. This allows us to characterise each representation
as (A, jr,jr), where A is the Conformal dimension and j, jr are the su(2) weights in the su(2);, @ su(2)r
decomposition of the Lorentz algebra. In particular, we postulate that for an operator with fixed conformal
dimension the algebra acts at the origin as

[Jir» O(0)] = = J,, 0(0), (1.19)
where J,,, is now some representation of the Lorentz group and

D, 0(0)] = —iAO(0). (1.20)

The action at an arbitrary point is determined using the differential operator representation of the algebra

P, = —id, (1.21)
Ju = (2,0, — 2,0,) (1.22)

D = —iz"d, (1.23)
K" = —i(2%9, — 22,2"0,) (1.24)
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and using P, to translate from the origin to X. As an example, we can calculate the infinitesimal action of the
dilatation operator. We have

[D,O(x)] = [D, e~ """ :0(0)e™" ]
— ¢~ Puleit" Pu peia" Pu_ O]t P
= e @D — izt P, O)ei e Fu

= ~i(A +28,)0(x).
In the penultimate equality, we use the Baker-Hausdorff formula.

In what follows we will focus on scalar operators, i.e. representations of the form (A, 0, 0), that are anihi-
lated by the SCT generator

[, Oa(0)] =0 (1.29)

Such operators play a central role in conformal field theory, since all operators of a CFT can be generated from
them. To see that, note that the conformal dimension of O(0) is determined by the action of D on it. Using the
Jacobi identity, we have

[D, [Py, 0(0)]] = =[0(0), [D, P,]] — [Py, [0(0), DJ] (1.30)
= i[0(0), P,] — iA[P,, O(0)] (1.31)
= —i(A+1)[P,, 0(0)] (1.32)

thus P, raises the conformal dimension by 1. Acting on conformal primaries with P, generates "towers" of
descendant operators, which include all the operators relevant to the theory. In that sense, a CFT is completely
determined by its primary operators.

Two-point correlations in a CFT

The extended symmetry of a CFT imposes heavy restrictions on its correlation functions. In particular, one-
point correlations are trivial and any other correlation can be calculated using the conformal data (A, c;jz),
where c;j;, are some structure constants that determine the three-point correlations.

Of particular importance to us are the two-point functions, which are completely determined by the confor-
mal dimension of the fields involved. One can show this for two scalar primary operators Oy(x), O (z), using

the fact that under a finite conformal transformation x — ’, their two point correlation transforms as
—Ar/d —Ay/d
(Or(z1)0s(2)), (1.33)

T=x 7

o
ox

oz’

(010 (as)) — | 5

r=x]

where d is the dimensionality of spacetime, in our case 4. The first constraint comes from spacetime homo-
geneity and isotropy, which restrict the two-point correlation to

(O1(z1)0(21)) = fro(lzr — z4)) (1.34)

Next, note that under a rescaling of the coordinates z*# — Ax*, an operator with fixed conformal dimension
transforms as

O(z) = \"20(\x) (1.35)
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which means that our correlation transforms as
(O1(z1)O5(y)) — X230 (Aep)O (A y)). (1.36)
Then, dilatation invariance requires that

froler —2g) = X272 fry(Mar — 24)), (1.37)
which is satisfied by

My,

(O1(z1)O4(xg)) = or — 2y AT (1.38)

The final constraint comes from invariance to special conformal transformations, for which we need to calculate

. / . . . . .
the Jacobian \%% |. A nice way to do that is to start by noting that we can decompose the SCT into a translation
and two inversion transformations. In particular, the SCT is equivalent to an inversion

T
b —. 1.39
2 — 5 (1.39)
followed by a translation
xt zH
followed by another inversion
zt x4 bt + b z? x4 b + b X2
a:2+ x? 142b-z+0b%22 14202+ b2a? (1.41)
The Jacobian of the SCT is thus
zt i
Tscr = T3 + V) Tor(53) Fin () (1.42)

The Jacobian of the translation is trivial, and for the inversion we have

o at 220 — 2zt
- v 7 Y 1.43
OxV ( x2 ) x4 ’ (1.43)
from which it follows that
Tsor =4, (1.44)

where we have introduced v = 1 + 2b -  + b%z? to simplify notation. It can also be shown that under an SCT

_ 2
(w1 — )2 — FLZ 2 (1.45)
YrvJg
Combining (1.33), (1.44) and (1.45) we get that, under a SCT, eq. (1.38) transforms as
ArnA _ (Ar+A,)/2 Miy
Yo 'y {Or(xr) Oy () = (V) (1.46)

lxp — @ | ARy
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or
(yryg)(Br+as/2 Mr,y
(O1(zr)Os(zy)) = (1.47)
elyg?  |r—y[ArTAs
Conformal invariace then requires
('}’I’YJ)(AH_AJ)/Q
LA T 1, (1.48)
1 1J

which is identically true only for Ay = Aj.

Summing up, we have concluded that the two-point correlation between two scalar operators is restricted,
by conformal invariance, to be

(Or@)0s) = = (1.49)

with My; = 0for I # J.

1.3 Scalar two-point functions in N' =4 SYM

In what follows we restrict ourselves to operators made up of the scalar fields of AV = 4 SYM. These operators
make up the so-called SO(6) sector of the theory. This sector is closed at first loop order, which means that, at
1st order in perturbation theory, correlations between operators within and outside the sector vanish. We will
also consider its subsector which consists of the two complex fields

X = ¢1 +igy (1.50)
Y = 62 +ids (1.51)

and their conjugates. It is called the SU(2) sector and it is closed at all loop orders.

Tree level correlation
From the action (1.1), one see that the free scalar propagator is

2
(611a0(2)[6]var (9)) = 613600 py s

where we have made the U(N) indices, also called the colour indices, explicit. The conformal dimension of ¢;
is 1, so tracing over the colour indices results in an expression consistent with (1.49).

Now, consider an operator in the SO(6) sector,

Or(x) =Tr(pi,(x) ... di, (x)], (1.53)
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where I = {i1,...,ir} is an ordered set of indices which defines the operator. This operator obviously has
conformal dimension L, at tree level. The tree level two-point function of two such operators

2

L
(O1(2)0;(y)) = (8‘(;2> ([@ir]ab(2) [Big]be () - - [diy ] ra (@) [Bipar g (Y) - - - [Pl (W) [ Jrar (W)
(1.54)

is the sum of all possible contractions of two fields, according to Wick’s theorem. Terms where all contractions
have the form

(01, (2) iy (), (1.55)
for some integer 1 < m < L, correspond to planar Feynman diagrams. For example, m=0 gives the term
(01, (2) 05 () (D3 ()5 (W) - - - (D1 (2) D5, () (1.56)
and m=2
(011 (2) b3 () (D3 () s (1)) -+ (i, (2) s () (1.57)

In the t’Hoof limit only planar diagrams contribute to the correlation. To see that, we can compare (1.56) to the
non-planar contraction

(D31 () iy () (i (2) Py (Y)N i (2) D5 (1)) -+ (D5, ()b, (1)) (1.58)
Using the propagator (1.52) in the planar case, the sum over repeated colour indices gives
SaarOaa Ovty Opty -+ O pr6ppr = NE. (1.59)
and in the non planar case
Saar (Saby Obes Obar Sty )ScesOaar O <+ Opr = NV 72, (1.60)

where the parenthesis is added to emphasize what has changed compared to the planar case. In general, a di-
agram of genus gn ' comes with a factor of N2729", Thus in the t'Hooft limit, where N — oo, non planar
diagrams are suppressed.

The last step is to note that (1.55) includes a factor d;, ;... Thus, a planar contraction is non zero only if
ik = Jg+m forall k = 1,... L which implies that the set I needs to be a cyclic permutation of J. We can now
conclude that the tree level two-point function is

2\ L
(O1()0,(y)) = erN* <897T2> ‘in;‘ZL (1.61)

where c; is the number of cyclic permutations that leave I invariant. This result is consistent with (1.49).

!The genus of the diagram is the genus of the surface on which the diagram can be drawn with no propagators
intersecting. The cylinder, on which (1.56) can be drawn, has genus 0 and (1.58) requires a surface of genus 1.
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Renormalization and operator mixing
Do deal with divergences in loop diagrams we employ dimensional regularization

2 2
S== /E — 5. = 2/d425x£, (1.62)
g (9p°)
where 1 has mass dimension [p] = 1. The scalar propagator is then modified to

([Pi]ab(®)[P5]ca(y)) = 6ijdadadveKe(z,y), (1.63)
where

I'l—e¢)
871'2_5(13 _ y)Q(l—e)

K. (z,y) = (1.64)

Calculating the two-point function at first order in perturbation theory yields

(Ohre (2)O%e (). = \Jerey N (Ko (2, y))> (61 + #Mu(&?)[ﬂ’l’ —y1*) + 0(¢g") (1.65)

where 677 = 1ifJis a cyclic permutation of I and is zero otherwise. The My ;(¢) matrix turns out to have a
pole at e = 0, so we write it as

1 .
Mi(e) = — D+ M3+ O(e) (1.66)
Usually, removing the divergence at ¢ — 0 involves adding counterterms to the Lagrangian, such that the

divergences of the original Lagrangian and the counterterms cancel each other. In AV = 4 SYM this turns out
to not be necessary. Instead, the two-point correlations are finite after defining appropriate operators

Zrg b
oren = 2L (g )obare, 1.67
I \/a(g ) J ( )

Here, Of’f”"e are single-trace operators and Zy; is a matrix that rescales and mixes them. At first loop order, we
choose

2 A2 fi
Z15(g9,€) =65 + %DU - EMI}n’ (1.68)
in which case the renormalized correlation function is
(0" () O} (y)) = lim N2 K (,y)2 (617 — XDy log(i?|z — yI*) + O(g") (1.69)

We see that, at the quantum level, not all operators have the property (1.49). Our next goal is to determine the
operators that do, which is achieved by diagonalizing Dy ;.

Determining the dilatation matrix

The non-vanishing Feynman diagrams at 1-loop order are shown in the figure below. Let us now briefly see
how the term that corresponds to diagram (c) is computed. The computation of the other two follows similar
steps, but is more complicated.
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[ Larss (6 Tarer 167"y (67 arer (7 ]y
Iﬁbi]ab [Qﬁi]ac [‘f}j]cb [d)i]ac [¢j]cb
(a) Self energy (b) Gluon exchange (¢) Scalar vertex

The term that we need to calculate is

s

: /d4_2EZ<[¢z¢j]ab($)(TT[(¢k¢z¢k¢l)](2) — Tr((oxrdrd)l(2)[¢5 Pl a (y)) (1.70)

For each of the two terms in the correlation there are four ways to contract the incoming and outgoing fields

with the ones coming from the vertex. For the first term, all contractions create a d;;/9;;, so it reverses the

incoming and outgoing flavors. In the second term, there are two contractions that lead to d;0;; and the other
two give 0;;0; ;. We thus get

([9itoslan(x)Tr([or, Ailldw, 41]) (2) |05 Pirlva (y))) = (1.71)
N26aa’6bb’ (451']'/(53'1'/ — 252‘1"5]']" — 25ij5i’j’)K52(x, Z)KEQ(Z, y) (1.72)

The integral over z is a common loop integral and yields

T (1 — &) 640 0hy G(2 — 22,2 — 2¢)

A 11 ,6—3¢ |x — y|2(2_8) (26ij’5ji’ — 6z'i’5jj’ — 5ij6i’j’) (173)
where
Ne+y—ce—2T2—e—2)['(2—c—y)

G = 1.74
(®9) T o~y — 20 (7)

Expanding everything in powers of ¢ leads to

1

A= VN K2 )5urbr (424 + loglale — y2)0(e) (1.75)

The remaining two diagrams give rise to similar terms. It is useful to note that the self energy diagram (a)
does not change the flavour of the incoming field, so the corresponding term contains a §;;,. Similarly, a gluon
exchange between two scalars cannot alter their flavour, so in diagram (b) the indices are paired as d;;9;;.

The 1-loop order contribution to the two-point function of two composite operators is obtained by performing
every possible contraction such that one contraction is made using one of these three diagrams and the rest are
tree-level. For a diagram to be planar, the gluon exchange and scalar vertex can only contract adjacent fields.
In order to keep track of the flavor indices, we introduce two operators acting on the Kronecker deltas. The
permutation operator

Pn,n+1 R (Sjmjm(sinJrl’jerl = "'6in+17jm6i7mjm+l ey (176)
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which exchanges two adjacent fields on one of the operators, and the trace operator

Kn,n-H s 5jn7jm6in+17jm+1 = "'5in7jn+15imyjm+1 s (177)

which contracts two neighboring operators. For example, in the term that corresponds to contracting the n and
n+1 sites using the scalar vertex, the index structure can be written as

20;

ZnajnJrl

4

jnvin+1

— 0

lnin+1

Sinsjnsr = OingnOinsijnsre = 2P+t — Knny1 — )iy Giirjuyn (1.78)
Including all the corrections, the dilatation matrix in (1.69) turns out to be

L
Dy = 2(2 — 2Pn,n+1 + Kn,n+1>(6i1,j1 ... 6iL7jL + cyclic permutations), (179)

n=1

where we identify L+1 = 1. This result is interesting because this matrix has the same form as the Hamiltonian
of a quantum mechanical model, the SO(6) spin chain. We will now see some of the consequences of a similar
correspondence from in the SU(2) sector of the field theory to the SU(2) spin chain.

The SU(2) sector and the SU(2) spin chain
If we further restrict ourselves to the SU(2) sector, the process is similar. In this case, we only have the two
fields X and Y, which we choose to denote as

X = ¢y (1.80)
Y =¢, (1.81)

Single-trace composite operators are then of the form

O(z) = Trlds, ... bs,] (1.82)

with s € {1,J}. The difference in the dilatation matrix is that the contractions that would require introducing
the K,, ,,+1 operators vanish and we obtain the simpler matrix

?fg(?) —9 Z 1 —Pnnt1)(0sy 6 - - - s, ¢, + cyclic permutations) (1.83)

This matrix has the same form as the Hamiltonian of a quantum mechanical spin chain called the Heisenberg
model. Thus, the problem of diagonalizing the dilatation matrix reduces to determining the eigenstates of the
Heisenberg hamiltonian. In particular, as we will see shortly, a basis of the Hilbert space of that model is

{|s1, s2,-..,5L)}, hence any eigenstate of the hamiltonian can be written in the form
=Y C(T) s - 87,) (1.84)
{r}

where the sum is over all L-fold combinations of 1 and |. A good conformal operator can be constructed as

L
O=— w l]_[sz|®X+¢z\®Y)\‘P> (1.85)

where the prefactor ensures proper normalization. The right hand side of this equation is simply a linear
combination of single trace operators, with the coefficients determined by the state | V).
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1.4 The defect version

Another theory is created by positioning a defect of codimension one at 3 = 0. On either side of the defect,
one still has N/ = 4 SYM with gauge group U(N — k) for 3 < 0 and U(N) for 23 > 0, but the latter is
partially broken by some fields having a non-zero vacuum expectation value (vev). The presence of the defect
breaks part of the conformal symmetry of the original theory. In particular, spacetime homogeniety along the
x3 direction is broken and thus the theory is no longer invariant under translations generated by P5. Also,
the defect breaks part of the isotropy and the SO(3, 1) rotations generated by A, 3 are not symmetries. The
remaining Poincare symmetry is then generated by M},  and P, for p, =0,1,2. Similarly, K3-symmetry is
broken and the remaining symmetry is with respect to the three-dimensional conformal group SO(3, 2).

This breaking of conformal symmetry partially eases the constraints on the correlation functions. In particular,
the one point correlation of a good conformal operator is no longer trivial, but still restricted by the remaining
symmetry to be

(O(z)) o« —x (1.86)

At tree-level, this correlation is determined by the vev of the fields involved. We consider the case where d)fl
for ¢ = 1,2, 3 are the only non-vanishing vevs. The classical solutions are subject to the equations of motion
which, in this case, are

V3¢t = [0, (85, ). (1.87)

and it is straightforward to check that

gblcl — i ( (tl)ka) O/{,‘X(N—k’) ) , fori — 1’2,3

23 \Ov—r)xk  O(N—k)x(N—k) (1.88)
¢t =0, fori =4,5,6
solve this equation if the matrices ¢; form a k-dimensional representation of suo, that is if
[ti, tj] = i€ijut. (1.89)
Going to the t’Hooft limit, we can restrict ourselves to linear combinations of single-trace operators
O = ULTr(dy, ... ¢ ), (1.90)
for which at tree-level
(O)iree — (—1)lpiin TT(ti;-L- tiy) (1.91)
3

The results of the previous section can be used to rewrite the last expression by introducing the so-called matrix
product state (MPS)

L 3
\MPS) =Tr |[[ta @), +t2a®(2), +ts@[3)| = D> Trts, ... ti)lir...ir),  (1.92)

n=1 i1,ein=1

10
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where |i) , i = 1,2, 3 are states in an SO(6) representation. Then, we can use the correspondence between the
SO(6) sector and the SO(6) spin chain to write

(M PS|¥)
g

(O)ree (1.93)

)

where | V) is an eigenstate of the SO(6) Hamiltonian. The prefactor we have omitted is related to normalization.
This form of the tree-level one-point function motivates the calculation of the (M PS|¥) overlaps, which is
investigated in the last chapters of this thesis for two different solutions of (1.89).

11
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2 The Heisenberg model

2.1 Description of the model and its original solution

The term spin chain refers to a family of quantum mechanical models, where the Hilbert space is of the form

H =) hn (2.1)

and each local space h,, carries a representation of some algebra. In one of the most simple cases, that algebra
is sup and the local spaces carry its spin—% representation. That is, h,, = C? and we have spin—% operators S}
that act trivially on every individual h,,, except for the n* one:

Si=I1018 - ®2 8 I (2.2)

where o; are the pauli matrices. We can also define the i** component of the total spin as

L
Si=Y"5] (2.3)
n=1

The Hamiltonian of the system couples the sites in nearest-neighbor pairs

L
Lo 1
H=Y S Su—7 (24)
n=1

with the periodic boundary condition S,, = S,11 < Sr+1 = Sr. Let us now introduce the permutation matrix

10 00

0010
P = 010 0l (2.5)

0 001

which acts in C? @ C? as

Pla®b) =b® a. (2.6)

Using the permutation, the Hamiltonian can be written as
1 Z L
H = 5 a Pn7n+1 - 5 (27)

where P, 41 acts in v € H in the obvious way
Pinri(v1® QU @Upy1 @ - QuL) =01 @ QUnp1 @ Vp @ - QU (2.8)

It is easy to see that [H, S| = 0, which means that this Hamiltonian exhibits sus symmetry. This implies that
that the total number of 1 or | spins in a state is conserved. Thus, if we call the number of |’s M, and express
the Hamiltonian in the following eigenbasis of S3

Tt 1 e ) I 1) - ) (2.9)

12



2 THE HEISENBERG MODEL

it will be block-diagonal with each ( ALJ) X ( ]\L/[) block corresponding to states of the same M and energy Ejy. It
turns out that to each block we can associate a set of M/ complex numbers {u; }, such that:

Ey =2 Z a (2.10)
+1
iff {u;} is a set of finite and distinct solutions to the set of equations

.\ L
ugt+3\ T Uk —uj; i
( > —Hm (2.11)

Uk T 3 i#k

We will now briefly see the original method for obtaining this system of equations, energies and the correspond-
ing eigenstates.

The coordinate Bethe ansatz
All eigenstates of the Hamiltonian can be constructed starting from the (pseudo)vacuum state

0) =17 1) (2.12)

by the action of lowering operators S™. An arbitrary in the Hilbert space H with M spin-down excitations can
be written as

= U(l,...,ln)S;, -+ S;,, 10, (2.13)
where the sumisover 1 <l <l < ... <[, < L. The assumption made by Bethe is that in an eigenstate,
the coefficients are of the form

Uy, ) =D A(r)ePnh 4o ePrarlin, (2.14)
{r}

where the sum is over permutations of {7;}. The {p;} are sometimes interpreted as the lattice momenta of the
spin | pseudoparticles (called magnons) that propagate around the chain. The function A(7) is determined by
requiring that (2.13) is an eigenstate of the Hamiltonian, which leads to the constraints

eWPrTiP; _ 9Pk +1

zp L ) —
k H S plmpj pk7pj) - eipk+ipj — 2€ipj + 1 (215)
J7#k
for the momenta and
A(r) = sign(T) H (eip’“"'ipj — 2¢Pk 4 1), (2.16)
j<k
where sign(7) is the signature of the permutation. The eigenvalues are then
. 2, Pk
Ey =) 8sin*(%)). 2.17
= ssin®(2) (2.17)

13



2 THE HEISENBERG MODEL

The equations (2.15) and the energy eigenvalues are equivalent to (2.8) and (2.9), after we identify

1
up = §COt(%) (2.18)

Note that due to the prescence of sign(7) in A(7), the wavefunctions W ({/;}) are antisymmetric with respect
to the exchange of two momenta, therefore they vanish if two momenta are the same. This is why we only look
for distinct roots of the Bethe equations.?

2.2 The algebraic Bethe ansatz

2.2.1 Preliminary definitions and the Hamiltonian

Lax operators, the Monodromy and the Transfer Matrix

In this approach we need to first consider and auxiliary space, denoted as V', which is also isomorphic to
C2. Then, we can define Lax operators acting in h,, ® V, which for the s/(2) spin chain in the fundamental
representation are

Lna(u) =ul,® I, +i» S5 ® 0%, (2.19)
(0%

where I,,, I, are the identity operators in the respective spaces, * are the pauli matries acting in V,and v is a
complex parameter called the rapidity. Noting that we can rewrite the permutation as,

1
P:§(I®I+za:0a®ao‘) (2.20)

it is not hard to rewrite this Lax operator as

i
Lna(u) = (u=3)na+ Pra (2.21)

It is useful to think of it as a matrix in the auxiliary space with element acting in h,,:

. 3 . —_
u+1iS; S, ) (2.92)

L”v“(“):< iSE u+iS3

The Lax operator defines a transport between two sites, in the sense that it acts on a vector v, = <z’11> with
2

entries in A as

ann - wn—i-l (223)

In words, acting on a vector in the h,, space with the appropriate Lax operator generates a vector in the neigh-
boring subspace h,,1. It is then quite obvious that an ordered product of Lax operators of the form

Lnga(t)Lny—1.a(w) ... L, o(w) (2.24)

2 According to [12], there is no concrete proof that the roots must be distinct, although it is generally accepted that
they should be. The CBA wavefunction is proportional to the ABA state and the latter does not vanish for coinciding
rapidities. The CBA wavefunction can then be made non-zero after some sort of renormalisation.

14



2 THE HEISENBERG MODEL

transports from site n1 to ng + 1. The monodromy is defined as the transport from site 1 to L + 1, i.e.
To(u) = Ly o(u) ... L1 q(u). (2.25)
By definition, it is a polynomial in u of order L.

To(u) = vl + iul™! Z SY®0% 4+ - (2.26)
[0

As with the Lax operators, we can also treat it as a matrix in the auxiliary space V'

_ (AW B
7= (&) by (2:27)

with components acting in the entire Hilbert space H.
We can now define the Transfer Matrix as the trace of the monodromy over the auxiliary space i.e.

Fu) =try(T(u)) = A(u) + D(u) (2.28)

When we expand it in powes of u, using (2.25 ), the O(u*~!) term vanishes (due to the Pauli matrices being
traceless) and the O(u’) term is trivial:

L—2
F(u) =2u"+ " Qu', (2.29)
=0
where (); are some u-independent operators acting in .

The Fundamental Commutation Relation (FCR)

At this point we need to introduce two auxiliary spaces V7, Vo, so that the product of two Lax operators can
actin h, ® Vi ® Va. It turns out that Ly, 4, (4) Ly, q,(v) and Ly, q,(v) Ly q, (u) are similar operators with the
intertwiner acting trivially in A,,. In particular, we have

Ry ay (u— U)Ln,al (“)Ln,ag (v) = L o, ('U)an (U)Rmm (u — ), (2.30)
where
Ry, ay(w) = uly, qy + 1Py - (2.31)

It’s worth noticing that, in this model, this so-called R-Matrix (acting in V1 ®V5) is identical to the Lax operators
(acting in h,, ® V7 o), after a rapidity shift. We can show that the FCR also hold for any transport operator of the
form in (2.24). It suffices to show that it holds for the two-site transport L, o(u)Ly, 4. Dropping the rapidity
arguments to compactify notation, we have

Ra1 ,a2 Ln+1,a1 Ln,a1 Ln+1,a2 Ln,ag =

Ral,a2Ln+1,a1 Ln+1,a2Ln,a1 Ln,ag = (2 32)
Ln+1,a2 Ln+1,a1 Ln,ag Ln,a1 Ra1 ,a2

Ln+1,a2 Ln,ag Ln+1,a1 Ln,a1 Ra1 ,a2

15
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where we used the commutativity of Lax operators that act in different pairs of spaces and the original FCR.
This implies that the FCR holds, in particular, for the monodromy:

Ra, a, (u — U)Tal (U)TCQ (U) = Tha, (U)Ttu (U)Ra1,a2 (u —v) (2'33>
By tracing over the auxiliary spaces in the last relation, which "removes" the R-matrices, we can obtain
[F(u), F(v)] = 0. (2.34)
Recovering the Hamiltonian
An immediate and important consequence of this commutation relation is that the ; in (2.29) constitute a
family of L — 1 commuting operators. This set can be completed with a component of the total spin , say S3,

so that it consists of L commuting operators. We can now prove that the Hamiltonian (2.7) can be constructed
out of these operators.

We start by noting that at the special point u = %, the monodromy reduces to a string of permutation oper-
ators

To(i/2) =i"ProPr_14...Pia. (2.35)

Using the properties of the permutation

Pn:alpn,az = PaLaQPﬂ,al = Pn,azpcu,al (2'36)
Pa1,a2 = Pag,al (237)

this can be written as
Tu(i)2) =" P oPo3... Pr, = i"UPL,, (2.38)

where the matrix U is defined in the obvious way. Now, using

d
%Ln,a(u) =1Ina (2.39)
we can see that

d
—Ta(u

I—1 >
= Pro...Phg... P 2.40
) u—i v Zn: L,a n,a 1,a ( )
where the hat denotes that the operator is missing from the sum. Using (2.37)-(2.38), this can be rewritten as

d
duT w(u)] s =" Z Pio...Poipt1-. - Pro1,0PrLa (2.41)

Using the property of the permutation 7', (P, ) = I, We can obtain
d —F(u)|,_s =i"7" Z Pio...Poipgr.. - Proar (2.42)
du ’

Finally, noting that

F(i/2) = i*U (2.43)

16



2 THE HEISENBERG MODEL

we can multiply by U ! to remove most permutation operators and obtain
ply by p p

d _ d )
S F()F(u) ™ ,—p = - InF (u)],_s = —zznjpn,nﬂ. (2.44)
We can thus rewrite the Hamiltonian (2.7) as
1 d L

This means that the problem of diagonalizing the Hamiltonian reduces to the simultaneous diagonalization of
the commuting operators in the expansion of the transfer matrix, which renders the system integrable.

2.2.2 Derivation of the Bethe Ansatz Equations and some comments

The derivation
From the FCR (2.33), we can extract relations between the components of the transfer matrix. The ones relevant
to the derivation are the following.

[B(u), B(v)] =0 (2.46)
A()B(v) = f(u—v)B(o)A(u) + g(u — ) B(w) A(v) (2.47)
D(u)B(v) = h(u — v)B(v)D(u) + k(u — v) B(u)D(v) (2.48)
where
flu) ="t ) = - (2.49)
h(u) = UZZ )=+ (2.50)

We now define the pseudovacuum Q € H by requiring that it is annihilated by C'(u)
Cu)Q2 =0 (2.51)

To find such a state, we can notice that a Lax operator acts on the state w, = e, Qv € h, ® V as

_ u—l—% *
L, (w)wy, = ( 0 " 12) W, (2.52)

Thus, for Q = (R,e4) ® V, we have

T, (u)Q = <O‘LO(“) 5;;“)) Q, (2.53)
where
a(u) = u+ % (2.54)
) = (2.5%)
Clearly, we have
Clu) =0 (2.56)
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and

« (2.57)
D()Q = 6L (w)Q

(2.58)
Thus, €2 is an eigenvector of A(u), D(u) and, consequently, of the transfer matrix. Other eigenvectors of F'(u),
called Bethe states, are of the form

®({u;}) = B(u1) - - - B(u)Q

(2.59)
By requiring that ®({u;}) are indeed eigenstates, we now derive the Bethe equations for the sl model.

Using the commutation relation (2.47) to move A(u) to the right, so that it acts on €2, we obtain

l
A(u)B(uq) ... B(u)Q = H fu—up)a™ (u)B(uy) ... B(uy)Q+

k+1
l

(2.60)
+> My(u, {u})B(u1) ... B(up_1)B(ug=1) . .. B(u)Q
k=1

The first term here comes from only using the first term in (2.47), while the second term comes from using

combinations of both terms. One of the M}, which corresponds to using the second term of (2.47) on the first
permutation and the other on the rest, is simple to calculate

l

My (u, {u}) = g(u—w) [] £ur = up)a™ (). (2.61)
k=2

We can avoid the complicated computation of the other factors by arguing that, due to the commutativity of the
B(u;), they are of the same form of the one we computed, i.e.

l

M;(u,{u}) = g(u — w;) H Fluj — ugp)a (uy)

(2.62)
k]
Similarly, using (2.48), one can obtain
l
D(u)B(uy) ... Bu)Q = [ [ f(u—wp)a™ (u)B(ur) ... B(u)Q+
l hHl (2.63)
+3 Ni(u, {u})B(w1) ... B(ug—1)B(up41) - .. B(uy)Q
k=1
with
!
N;(u, {u}) = k(u — ) TT Al — )6 () (2.64)
k#j
Now, we can see that
Fu)@({u}) = u(u, {u})@({u}) (2.65)
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requires that the "extra" terms cancel each other. This is possible due to

g(u—uy) = —k(u — u;) (2.66)
and leads to the condition
l l
T £ = un)a™ (uy) = T hluy = un)6™ (uy) (2.67)
k#j k#j

Substituting the explicit forms of the functions involved, we obtain the Bethe equations.

uk—l—% _ Up — uj +1
( ) —Hm (2.68)

Uk T 32 i#k

Bethe states are Highest Weight States
Taking the v — oo limit in the FCR and using the expansion of Ty (u) (2.26), we obtain:

[ﬂxuy;aa+n9ﬂ ~0, (2.69)

which implies the sl(2) invariance of T, in H ® V. Acting with this commutator on the pseudovacuum, we
obtain

STQ =0, 50 = gg (2.70)
Using this and the commutators
[S3, B(u)] = B(u) (2.71)
(ST, B(u)] = A(u) — D(u) (2.72)
one can show that
S e({us)) = (5 - 01 ) o({u) 2.7
STo({u;}) = 0. (2.74)

This implies that the Bethe ansatz only generates highest weight states of the total spin. The rest of the eigen-
states can be generated by acting on the Bethe states with the lowering operator S~ . Since highest weight states
must, by definition, have a positive S® eigenvalue, (2.74) implies that we must restrict the number of excitations
toM < %, or

M L
O({u;}) = [[ Bw)2 =0, for M > 5 (2.75)
=1

Singular Solutions and the completeness of the Bethe-state basis

It is quite obvious that the Bethe equations, as formulated in (2.68), are singular for i« = +i/2. However, such
roots can still rise from equivalent formulations, for example as roots of Baxter polynomials. This raises the
question of whether solutions that contain these singular roots are are valid sets of rapidities. Specifically, one
can examine whether (2.59) does indeed generate eigenstates of the Hamiltonian for singular solutions.
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One way to do that, presented in [21], is to regularize the singular roots as

+ €+ ce” (2.76)

i
2

%_

N = DN .

+e (2.77)

N | =

and determine the parameter ¢ by requiring that the corresponding Bethe state is an eigenstate of the trans-
fer matrix. This leads to two solutions for the constant that must be simultaneously satisfied, leading to the
following consistency condition for the non-singular roots

ies \Uk — 3

where we have assumed that the set of roots is ordered as {%, —%, us, ..., ups}. Note that the restrictions im-
posed on Bethe roots in N=4 SYM applications, namely that they must be paired and that L is even, are enough
for this constraint to be always satisfied.

L

=1, (2.78)

The above result is related to questions regarding the completeness of the Bethe equations, i.e. whether Bethe
states and their descendants constitute a full basis of the Hilbert space. In particular, it is believed that the
number of solutions to the B.A.E. is generally greater than what is required to form the basis. The number of
states needed can be calculated by recalling that the Hilbert space of the Heisenberg model is essentially the
vector space of a representation of su(2), which is in particular L-fold tensor product of spin—% representations.
By the Clebsch-Gordan theorem, this representation can be decomposed into a direct sum of irreducible spin-s
representations,

1 1

=62 - (-0), .

is the number of representations with spin-s. Each Bethe state corresponds to the highest weight of one of these
irreps, so the number of solutions to the Bethe equations for a given M = % — s should be

N (L, M) = (AZ) - (ML_ 1) (2.81)

Numerical calculations presented in [12] have verified that, for small values of L, the equality holds if out of
the singular solutions we only take into account those that satisfy the constraint (2.78).

where
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3 The Yangian of gl(N) and the gl(N) spin chain

3.1 The Yangian Y (N)

Definition and the RTT relation
The Yangian Y (V) is the complex, unital, associative algebra generated by {t ]1 <i4,7<N,n=0,1,---}
subject to the relations

r+1 s s+1 r),(s r
) 1.5 4040 — ), o

where [-, -] denotes the commutator and tg?) = 0;;. This abstract definition can be brought to a more tangible

form by introducing a complex parameter A and collecting the generators into

\T

_ i (;) 1" (3.2)

r=0

We can then introduce an auxiliary space V, = C" to gather them in a matrix in End(C") @ Y/(N)[[A7Y]]

N o0 N\
L) =Y et =Y S0 (33
2,7=1 r=0

We can now show that these matrices satisfy a familiar relation
Rap(Aa = Ap)Ta(Aa) Ty (Ab) = Ty (Ae)Ta(Aa) Rab(Aa — Ap) (3.4)

where R, is the gl(N) R-matrix

The permutation in V, ® V;, =2 CV ® CV is defined as
N
FPop = Z eij @ €ji, (3.6)
irj=1

where e;; is the matrix with entry 1 at the (¢, j) position and 0 elsewhere i.e. [€;;]qap = 0iadjb-

In order to see that this so-called RTT relation is equivalent to the defining relations, we first need to notice that

1

[tij()\a)v tkl(Ab)] = m

(i (Aa)tir( M) — trj(Ap)ti(Aa)) (3.7)

is equivalent to (3.1). This can be seen by multiplying with A, — A, and comparing the terms of same order in
Aq and \y. The RTT relation reads

P
Z tz] tkl )\b €ij & ekl Z (7] /\b tzy (ezj & ekl)(l - ) (3'8)
iG kol ig kol Ao = Ap

(1-
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which we can rewrite as

D [t (Aa)s (o)) (e ® er) =

ij k,l
(3.9)
ij(Aa)ter(Ap) Pleij @ ex) Aa)(€ij @ eg) P
1,5,k i,7,k,l
Using the definition of P and the property e pecq = €440pc, it iS easy to see that
Ple;j Qer) =er Qe
( ij k:l) kj il (310)
(€ij ®ep)P = ey @ ey
and we thus have
D [ (Na)s tra (M) (655 @ ext) =
ij k,l
(3.11)
ii(Aa)tk(Ap) (enj @ eq) Aa) (e ® exj)
,7,k,l 1,5,k,l

By renaming the indices on the right hand side, we can obtain
1
D [t (Aa)s tra (M) (€35 ® ex) = NN Dtk Oa)ta (M) — trg (No)ti(Ma))eij @ exr) (3.12)
0,5,k @ i,k

which is equivalent to (3.7), thus proving the RTT relation.

The Yangian, in addition to the usual addition and multiplication of an algebra, is equipped with a coprod-
uct, which maps the Yangian onto two copies of itself

A:Y(N)—Y(N)®Y(N) (3.13)
and is defined by its action on the generators:

A(tij(u Z tig (1) @ tr; (u) (3.14)

One can show that the t(u);; = A(t;j(u)) € Y(N) ® Y(N) also satisfy the RTT relation. It can then be
inductively deduced that A(™(¢;;(u)) also fulfil it, after properly defining A).

The Heisenberg model as a Y (2) representation

In order to find a connection between between the Yangian and integrable models, let us see how the Heisen-
berg model emerges from selecting the appropriate Y (2) representation. The sus R-matrix itself provides a
representation of Y(2) i.e. we can choose

) (3.15)

(tig (M) = RiJ (A - 5

where in the LHS 4, j identify the generator and k,! the component of the matrix representing the generator.

We can verify that this is a valid representation by noting that 7}, () is represented by R,.(\), where a denotes
the auxiliary space already introduced and c denotes the representation’s vector space. Then, the RTT relation
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becomes
Rap(Na — M) Rac(Ma) Roe(M) = Rpe( M) Rac(ANa) Rap(Ma — Np) (3.16)
- i
A=A-g (3.17)

This is the Yang-Baxter equation, which the R-matrix fulfils by definition.

Now recall that, in the gly case, R, acts in C2 ® C2, while T}, is a matrix in C? ® Y (2). It follows that
the Y (2) representation that we chose is carried by C2. This is the local Hilbert space of the Heisenberg model.
Furhtermore, the RTT relation can now be seen to be identical to the FCR (2.30) fulfiled by the Lax operators,
since in that model the Lax operators are identical to the R-matrix up to a rapidity shift (see 2.21).3Thus, we
could define the Lax operator of the Heisenberg model as this representation of the T-matrix and the local
Hilbert space as the corresponding vector space.

The global Hilbert space H would then need to carry a representation of ®”Y (2). The monodromy, which
acts in 4, can be defined using the co-product of the Yangian. First, because the co-product turns out not to be
co-associative, one needs to specify how it acts on multiple copies of the algebra. We recursively define

AW = (A@id"HAPD n > 2 (3.18)
A® = A, (3.19)
so that it always acts on the left. Then
2
AL () = 3 tia (1) © tayay (0) © -+ © tay () (3.20)
a;=1

Note that the index structure in this relation is reminiscent of that in matrix multiplication. One can then see
that, after picking the representation (3.15) and identifying ¢;;(u) as the components of the Lax operator, (3.20)
yields the same result as the product of Lax operators which define the monodromy. Thus, we can identify the
monodromy as the matrix with components

T = AD (1)), (3.21)

The property of the coproduct discussed after its definition implies that the monodromy fulfils the FCR relation,
as expected. This implies that the transfer matrix defined as

has the commutation property (2.34) which in turn implies that the charges in the expansion (2.29) commute.

3.2 Properties and representations of Y (IN)

Here we present, mostly without proof, the properties of Y(N) that will be needed at some later point. The
derivations can be found, for instance, in [19].

3In models where the Hilbert space carries a higher representation of Y(2), the Lax operator is distinct from the
fundamental R-matrix.
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The quantum determinant and the centre of Y(IN)
The quantum determinant of 7'()\) is defined as a powerseries in (=) with coefficients in Y (V) as follows

qdet(T(\) = Y sign(0)Th o, (A+iN +4) - T oy, (M) (3.23)

cEPN

, where &y is the N-object permutation group. An important feature of qdet’(\) is that its coefficients gener-
ate the centre of Y (V). One of its properties, which we will later use, is the following:

Let A, be the antisymmetrizer in (CV)®™, defined by its action on the canonical basis as
An(en ® - ®e,,) = % Z sign(o)e;, @ --- e, (3.24)
s=PN
The following identity holds
ApTi(A) - TN+ im — ) Ap, = Tnn(A+im — @) - - T1y( N Ay, = A TA(N) -+ - T (A +im — 3), (3.25)
which, for m = N, can be used to show
qdetT(NAN =Tn(A+iN — @) ---T1 (M) An. (3.26)

The latter, which can also be treated as the definition of the quantum determinant, is the equation we will need.

Evaluation representations of Y (IN)
The evaluation map is a Hopf algebra homomorphism from Y (N) to U (gl,,), the universal enveloping algebra
of gln:

iEyj

ev tij()\) — 5@' + N

(3.27)

where E;; are the generators of gl ~.% This mapping allows one to create representations of Y (V) that are
directly related to gl representations.

More specifically, M (c) be a highest weight representation of gl with highest weight a = (a1,...,an)
and highest weight vector v. Recall that the latter implies

Egj-v=0,1<k<j<N (3.28)
Ey-v=oapv,1<k<N, (3.29)
where a1 < ag, which is the requirement for the representation to be finite dimensional. The evaluation

map allows one to define an action of the elements of the Yangian on a gly-module, thus defining a so-called
evaluation representation (M (ca)) of the Yangian. In particular, in accordance to (3.27), the generators of

4Throughout this thesis we will treat this mapping as a simple relation between Y(N) and gly generators. The
algebra U(gl,) enters because, formally, a homomorphism needs to map between algebras of the same type. Both Y (V)
and U(gl,) have a Hopf algebra sructure, while Lie algebras do not.
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3 THE YANGIAN OF GL(N) AND THE GL(N) SPIN CHAIN

Y (N) act on the highest weight vector as

T\ - v=0,1<k<j<N (3.30)
b\ v = (1+w;’“>v, 1<k<N. (3.31)

It is important to notice that the evaluation representation of each Yangian generator has a simple pole at A = 0.
In the derivation that follows, we will use elements of Y(IN) with the purpose of choosing a specific evaluation
representation at the very end. In that context we say that the above equations imply that the components
of At;;(\) are analytical (in the sense that their representation is analytical), despite (3.2) perhaps suggesting
otherwise.

Two automorphisms

Inversion: T'(\) —s T (=) (3.32)
Shift: T(\) — T(A+ ), a € C. (3.33)

Embedding of U(gl,) into Y (N)
Using an equivalent form of the defining relations of Y(N) , one can easily see that

[t th] = Oty — Sty (3.34)

Thus, tg-) generate a gl algebra.

3.3 The gly spin chain

As an example of the usage of Yangians in integrability, we present the part of the derivation found in [1]
that regards closed spin chains. The starting point is to utilize the Yangian to define the transfer matrix as an
element in Y (N)®Z. This abstract definition has the advantage of being representation independent, which
allows us to take steps that hold for any evaluation representation of Y (V). The final result is a general form of
the Bethe Equations and transfer matrix eigenvalues for any spin chain in a highest weight representation of gl .

Note that in this section we use a different notation for the generators of Y(N). The standard notation is the

one used in previous sections but we will denote them as lg;) instead, in order to to distinguish between Y (V)

and Y (N)®Z. The notation in (3.2) and (3.3) is changed accordingly.

The Monodromy and the Transfer Matrix
Using the "extension" of the coproduct (3.18), we can define the monodromy as

T.(\) = AP(L(N) (3.35)
and the transfer matrix as usual
t(A) = trg(T). (3.36)

As mentioned earlier, the generators of the Yangian and their coproduct both satisfy the RTT relation. We can
thus iteratively deduce that the monodromy also satisfies the same relation, i.e.

Rap(u — 0)To(u)Ty(v) = Tp(v) Ty (w) Ry (u — v) (3.37)

25



3 THE YANGIAN OF GL(N) AND THE GL(N) SPIN CHAIN

Similarly to the algebraic Bethe ansatz, this implies the commutativity of the transfer matrix at different rapidi-
ties

[t(A), t(p)] = 0. (3.38)

The transfer matrix also exhibits gl symmetry, which can be seen by recalling that £() (\) generates a local
gl transformation. Then, a global transformation is generated by

1) =10 ol M1+ 101 @ D1+ + @ D1+l € LY(N) (3.39)
Now, taking the trace over V, in the RTT relation gives
(Aa = M)[EOW), TOW)] = ~iT(Aa), T()]. (3.40)
Keeping the \,-free term, we obtain
[t(\a), TM] =0, (3.41)

which proves the gl y symmetry of the transfer matrix.

Representations of Y (N)®Z are built out of evaluation representations of Y (V). First, note that the shift auto-
morphism (3.33) implies that if M) () is a representation, M) ¢(cx) defines another representation. Then, for
highest weights a” = (af,...,aR), 1 <n <L

Myig,(@") @ -+ ® Myyg, (o) (3.42)

provides a finite-dimensional representation of 7 (\) with highest weight vector

v =0l @ @b, (3.43)
which means that
Tij(MvT =0,1<k<j<N (3.44)
L tay
Trer(Mvt = }1[1 (1 + H'gﬂ) vF,1<k<N (3.45)

In principle, this discussion of representations allows every local space to carry a different Y (V) or, equiva-
lently, gl representation. However, in the context of spin chains, we are interested in all local representations
being identical, i.e. all &” being the same. A consequence of that is that the global representation is guaranteed
to be irreducible.

Derivation of the Bethe equations
In the following, we will use a different normalisation for the local and global matrices

N

Lan(X) = (A4 65)Lan(N) (3.46)
L
T(N) = [J(A+6.)T(V), (3.47)
n=1
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3 THE YANGIAN OF GL(N) AND THE GL(N) SPIN CHAIN

which guarantees that the monodromy is analytical. We then need to rewrite the highest weights as

Trwvt = P\, 1<k <N, (3.48)
where
L
Pe(A) = [T (A + b0 +icf) (3.49)
n=1

are the so-called Drinfeld polynomials. It is quite obvious that the highest weight vector is an eigenvector of
the transfer matrix with eigenvalue

AO(N) = PV, (3.50)

Now, we make an ansatz by assuming that every other eigenvalue of the transfer matrix can be written as

N
AN =D Pe(\)Di(N), (3.51)
k=1

where Dy () are some dressing functions. The form of these functions is determined by the asymptotic be-
haviour, as well as the analyticity of the eigenvalues. From (3.47) we can see that for A\ — oo, the transfer
matrix £()\) is dominated by A\”. We require that the eigenvalues have the same asymptotic behaviour which
implies Dy (\) — 1, given that the Drinfeld polynomials have degree L. Then, the most simple ansatz that
ensures that the eigenvalues can be analytical is

Mk=1) (k—1) M) (k)

A+ Uy A+ oy,
Di(\) = H PR T =1 . ik
A=A ) L AT

(3.52)

n=1

Here, M) with M(© = M) = ( are related to the action of the Cartan generators of sl on the eigenvec-

tors.® The next step is to determine the parameters uglk) , vﬁlk) in terms of )\%k).

To constrain the dressing functions, consider the antisymmetrizer defined in (3.24), now acting on auxiliary
spaces a1, . ..,an. Then, (3.26) can be rewritten as

Ty A +iN =) - Toy (A) = qdetT(N) Ay + Toy (A +iN =) - Ty (V)(1 — An). (3.53)
By tracing over all auxiliary spaces, we get
EA 4N — @) E(A +iN — 2i) - --£(\) = qdetT + £ 7()), (3.54)
where we used that A is a 1-dimensional projector and, as such, has trace 1. The

tf()‘) = Tra1®-~®azv TU«N(A +iN — Z) e Tal ()‘)(1 - AN)

Recall that that in the Heisenberg model, M is related to the eigenvalue of S°.
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3 THE YANGIAN OF GL(N) AND THE GL(N) SPIN CHAIN

is the so-called fused transfer matrix, which is not relevant to what follows. By definition, the quantum deter-
minant acts on the pseudovacuum as

qdetT’(\) - vt = Z sgn(a)TLU(l)()\ +iN —i)-- -TNJ(N)()\) ot (3.55)
SEPN

Using the properties of the highest weight, it can be seen that the only non-vanishing term is the one that comes
from the permutation where o (i) =i, i.e.

N
qdetT(\) - v = [[ Pe(A +iN — ik)o* (3.56)
k=1

Since the quantum determinant is a central element, it is represented by a matrix proportional to the identity, in
any representation. We thus have

N
qdetT(\) = [ [ Pe(A +iN — ik), (3.57)
k=1

where the identity matrix on the RHS is implied. Now, acting with (3.54) on an eigenstate would give

N
AAN+iIN =) - AN) = [ oA+ iN — ik) + Ap(A). (3.58)
k=1

The terms proportional to Hi,vzl Py (A +iN — ik) on both sides of the equation must have the same coefficient,
which implies

Di(A+iN —i)---Dny(N) =1 (3.59)
This is the constraint we have been looking for and it implies

MED (=) i) MO () ik=2)

Dip(\) = 2 2 (3.60)
};[1 )\7)\% 1)+z(k2—1) e Ai)\%k)Jr%

The final step is to invoke the analyticity of the monodromy. Recall that we chose our normalization in (3.47)
such that the entries of 7'()\) are analytical. Then, the eigenvalues of £(\) = Zf\;l T;i(\) are also analytical.
This is a consequence of (3.38), which implies that the matrix which diagonalizes the transfer matrix must be
A-independent. Thus, diagonalizing the matrix does not introduce any singularities.

The Bethe equations are derived from the requirement A(\) is analytical, which is equivalent to imposing

that the residue at A = )\%k) - % vanishes for all n and k. We can focus on

Dy(A)Pi(A) + Di1(A) Pr1(N), (3.61)

SA(M) has a simple pole at each of these points. This means that the principal part of the Laurent series of A(\)
around these points only contains the @(A™!') term. The residue of each pole is the coefficient of that term and it
vanishing implies that the principal part of the series vanishes and A(X) is analytical.
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as these are the only two terms where ) appears. The vanishing of the residue requires
ik
i (A=A + 5 ) (RO + Dt ()P () =0 (3.62)

A=A ik

which straightforwardly leads to
ME=1) M(k) | (k) ( . .
/\ — )\ —1 Z]{J
I I k k_l | I n m k
el(A%)_ASn )> )\(k)— —)\gf)&()\%)_Q)

m#n n

m=1
M) MK) (k) (k) . .
An’ — A’ Fi ik
(k) _ y\(k+1) n m (k) _ 2%
m=1 m#n n
where we have introduced
A%
ex(A) = 2 (3.63)
g
to simplify notation. Noting that e_1(\) = #(/\) we can rewrite the last relation as
M=1) M M) 3 ()\,(f) _ %)
(k) _ y\(k—1) (k) _ (k) (k) _ \(k+1))
[T e (A28 T e (A0 -20) T e2 (AP = aG) P (P~ %
m=1,m#n m=1 k+1 n D)
(3.64)

m=1
The set of these equations for 1 <k < N—-land1 <n <M (k) are the Bethe equations the gl(V) spin chain
whose Hilbert space carries the representation defined by ac. As a byproduct of the derivation, we also have an

expression for the eigenvalues of the gl transfer matrix in (3.51).
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4 INTEGRABLE MATRIX PRODUCT STATES AND TWISTED YANGIANS

4 Integrable Matrix Product States and Twisted Yangians

4.1 Integrable MPSs and boundary integrability

The R-Matrix

An R-matrix Ri2(u) € End(Vi ® Vi), where Vi = Vi = CV is generally a solution of the Yang-Baxter
equation (3.16). A solution is symmetric with respect to some Lie group G if for any G; and G5 acting in the
defining representation of G

(Gl X GQ)RlQ(U) = Rm(U)(Gl X GQ) (4.1)

For G = SU(N), we have already encountered the R-matrix

1
Ry (w) = hi® I = ~Pra, (4.2)
where
N
P = Z €ij & €ji (4.3)
1]

is the permutation operator in V; ® V5.

For G = SO(N), a solution that is often used is

K12
u —_

1
RS (u) =L@ I — P+ (4.4)

where kK = % — 1 and K is the trace operator, with matrix elements Kgl‘f = 3,50, Note that we can write
N
K= Z eij & ej; = PT (4.5)
t,j=1

Where -7 denotes partial transposition, that is, transposition acting either on V3 or V5. It is not hard to see that
PTr = PP™2, 50 one does not need to distinguish between the two cases. Similarly,

R{}(u) = Ri3(u) = Ri5(u) (4.6)
for both R-matrices that we have introduced. Using (4.5) it is straightforward to see that in the SO(N) case
(Ri9Y (u)" = RN (v — u) (4.7)

which is the so-called crossing relation of the SO(N) R-matrix. In some calculations we will make use of the
unitarity property

Rm(U)Ru(—U) XX I (4.8)

which holds for both the SU(N) and SO(N) R-matrix.

The spin chain
Similar to the algebraic ansatz, we can use an R-matrix to construct a spin chain by treating one of the vector
spaces a a local Hilbert space h,, = C and the other the auxiliary space V). Then, the monodromy acting in
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Vo ® H, where H = h®" , is defined as
T = Ror(u)Ror-1(u) - - - Ro1(u) (4.9)
and the transfer matrix by tracing over the auxiliary space
t(u) =Tro [T (uw)]. (4.10)

A family of commuting charges is generated from the transfer matrix as

d \U-b
&= (4.)  tosttw)

The @Q; operator can be seen to act on j neighboring sites [22], thus a two-site Hamiltonian can be defined using
Q7. Is is also known that for odd j, the (); are odd under space reflections, while the even charges are even,
namely

u=0,J=2,3,...L (4.11)

;1 = (-1)/Q;, (4.12)
where II is the spatial reflection operator, which acts on Bethe states as

ITH{ui}) = {—wi}) (4.13)

Integrable Matrix Product States
Consider a second aulxiliary space V4 (distinct from the auxiliary space of the spin chain) and a set of N
d-dimensional matrices w; € End(Vy4). A Matrix Product State (MPS) is a state in  which is of the form

N
|\Ij> = Z tTA[ij "'wjzwjl] |jLa""j27j1>7 (4.14)
J1yenjr=1
where |jr, ..., j2,j1) are the basis vectors of the Hilbert space. An MPS can be invariant under a subgroup of

the symmetry group of the spin chain G’ C G, forming a so-called symmetric pair (G, G"). This means that for
every G € G’

[ 1G; [¥)] = [P). (4.15)

This can be achieved by the w; matrices being group invariant., which is the case if the auxiliary space V4
carries a representation of G’, denoted A such that for every j

MG MG) =Y gjwwr, (4.16)
p

where g, are the components of G in the fundamental representation.

A MPS is said to be integrable if it is annihilated by the odd charges associated with the spin chain:

Q2j+1|¥) =0 (4.17)

"Compare with (2.45)
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This is equivalent to
) 1) = E(u) [9) (4.18)
where t(u) = IIt(u)I1 is the reflected transfer matrix, which also implies that the state has to be parity invariant
II|¥) =4]|7). (4.19)
As a consequence of this and (4.13), an overlap

({ui}¥) (4.20)

is non-vanishing only if the Bethe state is parity invariant. This requires the set of Bethe roots to be parity
invariant, i.e. {u;} = {—wu;}. If the state contains an even number of excitations, this is the case if the roots
come in pairs of opposite signs, namely for every root u; there needs to exists some other root u;; = —u;. For
an odd number of excitations, the roots again need to be paired and the "extra" root needs to be zero.

The twisted Boundary Yang-Baxter equation
We define the K —matrix acting in Vj @ V4 as

N

K(u)= ) ea © pap(u), (4.21)

a,b=1

where e, are the usual elementary matrices acting in Vp with matrix elements (eqp);; = 0qi0p;. We are
interested in K-matrices that are solutions to the twisted Boundary Yang-Baxter ® (BYB) equation

Ky (v)RE (—u — v) K1 (u)Ria(u — v) = Ro1(u — v) K1 (u)RIy(—u — v) Ko (v), (4.22)

where each side of this relation is a matrix acting in V] ® Vo ® V4 and

N
Ki(u) = ea ® I pap(u) (4.23)
a,b=1
N
Ko(u) = > T® eap © pap(u) (4.24)
a,b=1

It turns out that, given a solution of that relation such that the two site block factorizes at some special point

’QZ)U(Uf) (0.6 wiwj (425)
the MPS defined as
N
|MPS) = > Tr[wahbl(uf)~~-wa%7b%(uf)] jar, by, ... az,be) (4.26)
ai,bizl

is integrable [23]. Unless stated otherwise, we will assume that u; = 0.

8This relation also appears in the context of open spin chains where it is used to determine the behaviour of the
system at the boundaries.
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4.2 The Twisted Yangian

Definition

Consider the Yangian Y(N) generated by tgf), with the indices shifted so that i,5 € {—N,...,N} for N
evenand i,j7 € {—N,...,0,..., N}, for N odd. Using the T-matrix defined in (3.3), we can now define the
following matrix in terms of the generators of Y(3)

S(u) = T(u)G(u)T"(—u), (4.27)
where G(u) fulfils the equation
Go(v) R, (—u — v)G1(u)Riz2(u — v) = Ria(u — v)G1(u) Ry (—u — v)Ga(v). (4.28)
In these relations, we use the transposition
At =cATC (4.29)

where C is the charge conjugation matrix with elements [C]; ; = J; —;. This operation is essentially trans-
position with respect to the secondary diagonal of the matrix and is commonly used in the context of twisted
Yangians. The elements of the S-matrix are then

sij(u) = [G(u)]agtialw) t_j_g(—u). (4.30)
a,B

The twisted Yangian Y (V) is the algebra generated by s;;(u), which makes it a subalgebra of Y (N).

The quaternary relation
We will now show that, by definition, the S-matrix satisfies the so-called quaternary relation

So(v) Ry (—u — v)S1(u)Ria(u — v) = Ria(u — v)S1(u) Ry (—u — v)S2(v). (4.31)

During this derivation, we drop the indices in the R-matrix to simplify notation.” We will make use of the RTT
relation and some more relations that are equivalent to it. By acting with partial transposition on V; or V5 in the
RTT relation we obtain the two relations

&

TH(u) R (u — v)Ta(v) = To(v) R (u — v) (v) T} (u) (4.32)
Ti(v)R (u — v) Ty (u) = Ty (u) R (u — v)(v) T4 (v) (4.33)

+

By transposing in both spaces and recalling that R (u) = R (u), which implies that R'%2(u) = R(u), we
obtain

TP (u)Ty? (V) R(u — v) = T8 (0) T} (u) R(u — v). (4.34)

Finally, we can multiply the RTT relation from both sides with the R-matrix and apply the unitarity condition
(4.8), to obtain

T (u)Ta(v)R(v — u) = R(v — u)Ta(v)T1 (u) (4.35)

Before moving on with the derivation, let us spell out some points that, although trivial, might not be obvious

9The purpose of these indeces is to distinguish between the R-matrix acting in Vi ® V2 and the one acting in Vo ® V;.

~

In our case, where Vi 2 V5 it is obvious that Ri2(u) and Rai(u) are the same matrix, so the distinction is redundant.
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o Ti(u) and T(v) do not commute. This has already been stated in the form of the RTT relation, but it
might be helpful to see why it is the case. We have

Z tij(u) ®eij @I € Y(N)® End(V1) ® End(Vz)
4,j=1

Z tij(u) @ 1@ e € Y(N)® End(Vi) @ End(Va)
t,j=1

Then,

Z tij(u)te(u) ® eij @ ep, (4.36)
.5,k

s0 11 (u)Ta(u) # To(u)Th(u), because Y (V) is a non commutative algebra.

e Ti(u) and G1(u) do not commute. To see that we also need to define G (u) as an element in Y (V) ®
End(V1) ® End(V3):

Gi(u)=E®K(u)®1, (4.37)
where F is the multiplicative identity in Y (V). Then,

Z tii(u) @ e K(u) @ I (4.38)
1,j=1

which is not equal to G (u)T1 (u) because of the ordinary matrix multiplication in End(V7).

e Ti(u) and Ga(u) commute, since

Z tij(u) ® e ® G(u) = Ga(u)Ti (u) (4.39)

1,j=1
Similarly, ‘T5(u)G1(u) = G1(u)Ta(u) and G1(u)Ga(u) = G1(u)Ga(u).

Using all of these exchange properties on the two sides of (4.31), we obtain

LHS = Ty(v)Go(v)T4(—u) R (u — v)T1 (u)G1(w)TE (—u) R(u — v)
= Ty (v)G2(v)T1 (u) R (u — v) T4 (—u) Gy (u) T} (—u) R(u — v)
= Ty (v)T1 (u)G2(v) R (u — v) Gy (u)Th(—u) T} (—u) R(u — v)
= To(v) Ty (u) G2 (v) R (u — v)G1(u) R(u — v)TE (—u) Th(—v)
and
RHS = R(u — v)T1(u)G1(u)Ti(— )Rt (—u —v)To(v)Go(v)Ts(—v)
= R(u — v)T1(u)G1(w) Ta(v) Ry (—u — v)T{ (—u)Ga(v) T3 (—v)

= To(0)Ta(u)R(u — v)G1(u) Ry (—u — v)Ga(v) T (—u) T3 (—v)

It then immediately follows from (4.28) that LH.S = RH .S, which concludes the derivation of the quaternary
relation.
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The reason for introducing the twisted Yangians is that the quaternary relation, which is equivalent to their
defining relations, is very similar to the twisted boundary Yang-Baxter relation introduced previously. The
difference between the two relations is the convention used for partial transposition. Fortunately, there exist
ways of transforming between solutions of (4.31) and (4.22). They are explained in appendix A. Given that,
one can see a clear connection between twisted Yangians and integrable MPSs: Solutions of the BYB relation
can constitute twisted Yangian representation, after the appropriate conversion. Conversely, one can use twisted
Yangian representation theory to generate solutions of the BYB relation.

We can construct representations of Y(NN) based on evaluation representations of Y (V) in a somewhat
straightforward way. Recall that the evaluation homomorphism (3.27) allows us to define a Y (V) representa-
tion carried by a gly module. Restricting the evaluation representation to Y (N) C Y (N) defines a repre-
sentation of the twisted Yangian, also carried by the g/ ;y module. We will use representations of this type in the
subsequent sections. Before that, we discuss a result that will also be used later.

4.3 Dressing MPSs

Clearly, (4.28) and (4.31) are identical, thus the "twisting" matrix also forms a Yt“’(N ) representation. To
emphasize that, let us denote So(u) = G(u). Then, (4.27) implies that dressing Sp with a representation of the
untwisted Y (V) also gives a Y (V) representation S”(u). The fact that these two S-matrices are related by
a dressing allows us to find a relation between the corresponding MPSs.

More specifically, in the next section we will make use of the integrable state that corresponds to the twist-
ing matrix of a specific twisted Yangian. According to (A.5), the K-matrix that corresponds to Sp(u) and
generates this state is

Ko(u) = Sp(u)C. (4.40)
A dressed S-matrix is
SP(u) = T(u)So(u)Tt(—u). (4.41)
In order to create a MPS out of it, we need to map it to a K-matrix
KP(u) = SP(u)C = T(u)So(u)TT (u)C. (4.42)
Substituting (4.40), we obtain
KP(u) = T(u)Ko(u)TT (—u) (4.43)

where we used that 7¢(—u) = CT7 (—u)C. We will now use this relation between K and K to show that
their corresponding MPSs are related via the action of a transfer matrix.

Let Vi be the vector space carrying a gl representation and denote by E(/;) (u) the evaluation representa-

i7
tion of the generators of Y(N), carried by V. The £§/;) (u) are the components of the T-matrix with which we
dress Ky(u). We can then define a Lax operator acting in V), ® hy, where hy, denotes a local Hilbert space

LEN () = EE?)(u) ® € j (4.44)
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where e; ; are the unit matrices acting in V}, and summation is implied. The corresponding transfer matrix
acting in a product of L physical spaces is

W) () = Trp [Lw) (w) LE"ID () ... L) (u)] (4.45)

The difference between this transfer matrix and the one in (4.10) is that the auxiliary space carries a higher
representation of suy. Let us denote as ¢;; the two-site block of K¢(u), acting in some auxiliary space Vq.
Then, (4.43) implies

A
Oun(u) = L (~u) Ly (1) dealw). (4.46)
where gi)ﬁ)(u) acts in Vo ® V. The MPSs corresponding to the two solutions are related by

|87) = tN(0) |) . (4.47)

Proof: We can focus on the two-site state. The generalisation to an L-site state is simple, using that each two-site
block acts in a different pair of physical spaces. The two-site MPSs are

1) = Z Tro |¢ [ O ] la, b) (4.48)
oP) = ij > Trace L8 0)£5) (0)6ca(0)] la.b) (4.49)

Using that T'ragq[-] = Trol-]Tra[ ], the latter can be written as
%) =323 T £2(0)£5(0)] Tre [Ba(0)] |a ) (4.50)

It is now straightforward to show that (4.50) is the same as (4.47):

M (0) 1) = Try [L(zA L1 }ZTTQ (60a(0)] [, d) (451)
= Z‘; Zb: Zf: Trp [Lac(0)Los @ eae ® ey (0)] Tro [pea(0)] |c, d) (4.52)
= Z‘; Zb: Z;Tm [Lae(0) Lo (0)] Tra [pea(0)] (€qe |c) @ evy |d)) (4.53)
= CZJ: i; EZ Tra [Lae(0)Los(0)] Tra [¢ea(0)] deedyaa, b) (4.54)
= CZI; i‘; ;:A [Lac(0)L4a(0)] Tra [¢ea(0)] |a, b) (4.55)

In the fourth equality, we used ey, |¢) = 0y |a).
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5 The (SU(3),S0O(3)) symmetric pair

In this chapter we will work with the integrable state

3
IMPS;) = Z T7[Say S, - SaLSbL]|a1,61 arbe), (5.1)

aibi=

where S, , a = 1,2,3 form the £ = 2s + 1 dimensional spin-s representation of sug and the Hilbert space is
that of an sug spin chain. To argue for the so3 symmetry of this MPS, we can show that (4.16) is fulfilled for

some representation of sos. Since so3 = sug, we can use the adjoint representation of sus to transform the
building block S;. Under the action of the suy generator S, the building block .S; transforms as

Si =[Sk, Si] = iek,i,1S0- (5.2)

Noting that in the fundamental representation of sos the components of the k* generator are [9k]it = ki, (5.2)
is equivalent to (4.16).

The two-site block from which this state is obtained is

35 () = —u$) (u) (5.3)
where
(s) =4 -1 .2
Xab = ab T U [Sa,Sb] U SaSb7 (54)

The K-matrix that corresponds to ng) (u), denoted K, (u) solves the twisted BYB relation [23] and )251‘2) (u)
factorizes at u = 0 and produces |M PS};) through (4.26).

Our first goal is to relate this MPS with the so-called J-state

R

Ws) = QA1) +[22) +[33)). (5:5)

1

J

As we will later see, this state can be constructed from the twisting matrix of the twisted Yangian Y *(3).

5.1 Representations of Y7 (3)
The algebra Y+ (3) [20] is a subalgebra of Y (3) generated by

S(u) = T(u)T" (u), (5.6)
which corresponds to
sij(u Z tia(u)t—j—a(—u). (5.7)
a=—1
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Following the discussion of section (4.3), these s;; generate a twisted Yangian with G(u) = I. In addition to
the quaternary relation (4.31), the S-matrix of this algebra also satisfies the symmetry relation

St(—u) = S(u) + %(S’(u) + S(—u)), (5.8)

as a consequence of G(u) = G*(u). As explained previously, Y+ (3) representations are based on gl3 repre-
sentations.

gls Highest weight representations
The algebra is generated by E;;, with 4,5 € {—1,0, 1}, subject to the commutation relations

[Eij, Ew] = 0B — 6uEl; (5.9)

Given a highest weight representation of gl(3) with highest weights A1, A2, A3, we denote the corresponding
module as L(A1, A2, A3). The highest weight vector is an element of that vector space, such that

E'LJ |A17 )‘27 A3> :07 for i < .7 (510)
Eii A1, A2, A3) =it [A1, A2, As) (5.11)

The module is finite dimensional iff A\ — Ao € Nand Ay — A\3 € N

Y (3) Evaluation representations
Recall that the evaluation homomorphism maps the generators of Y (3) to the generators of gls:

tij(u) — 52’]’ + U_lEij (512)

Thanks to this mapping, the elements of Y(3) can act on the gls-module L(A1, A2, A3). The gl module carries
a Y'(3) highest weight representation and the two representations share the highest weight vector. That is,

tij(u) [ A1, A2, Ag) =0, for i < j (5.13)
tii(w) [ A1, A2, Ag) =Ai(u) A1, A2, As) (5.14)

From the evaluation map, it is obvious that the Y'(3) highest weights are
Ni(w) =14 u1N. (5.15)

The matrix representing ¢;;(u) will be denoted as Eg‘l”\2’\3 ) ().

Y+ (3) Representations
A highest weight module of Y+ (3), denoted as V, is generated by a vector v € V/, such that

sij(u) v =0, fori < j (5.16)
sij(u) - v = pi(u)v, for i =0,1 (5.17)

Since Y (3) is a subalgebra of Y'(3), L(\1, A2, A\3) can also be treated as a Y+ (3) module. In particular, it is a
highest weight module of Y (3) [20], the highest weights of can be calculated using (5.7) and (5.15). They are

pr(u) = (14 Xou (1 = Au™) (5.18)
po(u) = (1 + Mu H (1 = Au™t). (5.19)
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It is interesting to note another way of constructing Y *(3) representations. Using the definition of the Y (3)
co-product, it is straightforward to show that

51,] th a t—] b ) ® Sa,b(u) € Y(3) ® Y+(3)7 (520)

which means that Y (3) is a left co-ideal subalgebra of Y (3). Given a Y(3) module L and a Y (3) module
V, this property allows us to define an action of Y (3) on L ® V as

s (w®v) =A(s)(w®v) (5.21)
where s € Y1 (3),w € Landv € V. Thus, L ® V can carry a Y *(3) representation with highest weights

pr Y (u) = pf () (u) (5.22)

sos Highest weight representations
Let us also introduce sos representations, which are relevant to our discussion due to the two-site block being

~

expressed in terms of sus = sos generators. We denote the generators as F; ; with ¢, € {—1,0,1} and
defining relations

[Fij, Fral = 01 Fig — 0 Fj + 05,1 F—i — 05— Fj (5.23)
Foi_j=—Fy (5.24)

For the highest weight w of an sos representation, we have

F11 Sw = \w (5.26)

It is straightforward to use (5.9) to check that if we define
F’L,j == EZ,] - E—j7—Z‘7 (527)

the defining relations (5.23-24) are fulfilled. This relation constitutes an embedding of sos into gl3 and defines
an action of sos in a gls module. Note that an embedding is generally not unique. That is, there might be
other ways to define Fj; in terms of the Fj;, such that (5.23-24) is fulfilled. With our choice of embedding, for
|1, g, a3) € L(A1, A2, A3) (which is not necessarily the highest weight vector), such that

Eiilan, ag, a3) = a; |ag, oo, a3) (5.28)
we have
—F o, a2, a3) = (a1 — az) |ag, az, as) . (5.29)

The Cartan subalgebra of sos3 is generated by F'; and the Fy1, Fig act as ladder operators, which motivates the
identification

S, =—Fp (5.30)
S, = Fy (5.31)
S_ = Fig (5.32)
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5.2 Relating |MPSy) to |Us)

The strategy

The starting point is to transform K, and the matrix that produces the J-state, denoted K, into S-matrices that
form Y (3) representations. The K-matrices are solutions of (4.22) and the S-matrices need to fulfil (4.31),
thus the transformation can be achieved as described in appendix A. Then, we aim to find a relation between the
S-matrix that corresponds to K, and a dressing of the S-matrix that corresponds to Ks, denoted Ss. To create
dressed representations, S5 needs to be the twist matrix that defines Y ™ (3). This can be achieved by rewriting
the §-state a different basis of the Hilbert space,

L.
+) = ﬁ(z 1) +12)) (5.33)
.
=)= ﬁ(_z 1) +12)) (5.34)
10) = 13), (5.35)

obtained from the standard one by the transformation matrix

1 i 1 0
P=—|(0 0 v2|. (5.36)
V2 - 1 0
In this basis the J-state is
L
2
Ts) = (Q(+=) + =) +100) = > by -0y =y, i, gus- - iLs L) (5.37)
]:1 7’7‘76{—"_7_70} ’ ’

(9)

and it is clear that the two-site block should satisfy the initial condition ; ;

choice of K-matrix is the charge conjugation matrix

(0) = 6;—;. The most simple

Ks=C (5.38)
A corresponding Y+ (3) representation is obtained as S5 = KsC, or
Ss =1, (5.39)

which is the matrix we aimed to create.

From K, to an S-matrix
The basis transformation defined above provides with a natural way of producing a Y *(3) representation from
K, by defining

S(u) = PK,(u)PT, (5.40)

This P- matrix fulfils the constraints (A.9-A.10) and it is straightforward to check that S(u) fulfils the symmetry

relation (5.8).10 Therefore, the components of this S(u), denoted ng) (u), form a Yt (3) representation We
could, however, have created a representation by using any other matrix that fulfils the constraints. An argument

10This is not a result of the choice of P. Any choice of matrix would lead to an S(u) that fulfils the symmetry relation,
due to the two-sit e block fulfilling the relation gap(—u) = dab(u) + 5= (Pab(u) — Pab(—u))
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for this specific choice can be made after calculating the new two-site block, which turns out to be

Pl = 1S, — ¥ (s(s 4 1) - S.(5. + 1)) (5.41)
@Z)ﬁ))(u) =iu'S_ —u%iS_S, (5.42)
Y (u) = w282 (5.43)
e () = —iu'Sy + iu 28,8, (5.44)
i) =1 — u=2s? (5.45)
W) () = =i S- — u %S, (5.46)
PO () = u28? (5.47)
@bg,o(u) =iu"' Sy +uT%i9 S, (5.48)
9O () = 1S — (sl + 1) — 5a(S- + 1) (5.49)

These %(,Sj) (u) act on the highest weight state of a spin-s so3 module as would be expected of the Y (3)
generators to act on the highest weight of a Y+ (3) module. Namely, wﬁ) (u) give the highest weights (they are
the equivalent of the Cartan generators of a Lie algebra) while v; ; with i < 7 annihilate the highest weight
state. This observation should justify the choice of P in (5.40): Out of the various Y *(3) representations that
are created by all possible transformation matrices, this is the one which is consistent with the definition of a
highest weight representation on a gl3 module. In other words, a different transformation might lead to v;;(u)

that do not fulfil (5.16-17).

Embedding V(s) in a gl3 module
The Y+ (3) highest weights on the so3 module can be calculated from (5.45) and (5.41):
pr(u) = (1 —uts) (5.50)
po(u) = (1 —u=ts)(1+uts) (5.51)
Comparing them with (5.18) and (5.19), they can be immediately identified with the highest weights of Y *(3)
on the gls module L(s,s,0). Since V(s) and L(s, s,0) carry representations with the same Y *(3) highest
weight, we could assume that they are they are isomorphic vector spaces. However, the dimension of V is
generally lower than that of L. This implies that V' can instead be embedded within L, i.e. V(s) C L(s, s, 0).

Note that L(s, s,0) is finite dimensional only if s is integer or, equivalently, if ¥ = 2s + 1 is odd. In what
follows, we restrict ourselves to this case.!l We then have

L(s,5,0)=V(s) @ W, (5.52)

where W consists of the vectors in L(s, s,0) that are not in V(s). The action of the twisted Yangian on
y € L(s, s,0) can now be decomposed as

sij(u) -y = (1/’5%(“) if) (Z) (5.53)

"For even k, V(s) can be embedded in a Y (3) module of the form V(1/2) ® L(a, b, c).
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where v € V(s) and w € W. The reason for the (2,1) block being zero is that V(s) is a Y ™ (3)-module and, as
such, must be closed under the action of s; j(u), which means

y e V(s) = sij(u)-yeV(s). (5.54)

Assuming that there is something non vanishing in that position, we get
wz(,sj) (w) X\ (v)_ 1/’1(,83) (u) v (5.55)
Z Yy ) \0O Z-v )’

Z =0. (5.56)

which is in V() only if

It can also be argued that we are not interested in the form of the X block: Recall that, in the end, the MPSs are
obtained by tracing over the auxiliary space. Thus, X does not enter the relations between the states, and can
be ignored.

Calculations for odd k =2s+1
For s = 1, both V(1) and L(1, 1, 0) have dimension 3 and have the same highest weight, so we can immediately
identify V(1) = L(1,1,0)

The first non-trivial case is for s = 2. The dimension of L(2,2,0) is 6, while the dimension of V'(2) is 5.
We thus need to identify V'(s) with a subspace of L(2,2,0). In other words, we need to find a 2-dimensional
subspace of L(2,2,0) which has a 1-dimensional intersection with V'(2). The L(2,2,0) module is spanned by
the following vectors.

12,0,0) (5.57)
12,2,1) = F352,2,0) (5.58)
12,0,0) = E3,2,2,0) (5.59)
11,2,1) = Ey3E3512,2,0) (5.60)
1,1,2) = E» 1 E2,2,2,0) (5.61)
12,0,0) = E3,E3,|2,2,0) (5.62)

Since V'(s) is a Y (3) module, its basis vectors should be distinguished by their Y (3) highest weights. From
the explicit form of 1 ; it is obvious that states with the same so3 weight also have the same Y *(3) weight.
Using the embedding of sos into gl (5.27) and (5.30), we can calculate the .S, eigenvalue for each of the basis
vectors, shown in the table.

S,

2 [2,2,0)

1 [2,1,1)

0 [2,0,2) |1,2,3)
11,1,2)

2 0,2,2)
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One can now see that V(s) = span{|2,2,0),(2,1,1),(1,2,1) + a|2,0,2),1,1,2),]0,2,2)}. In order
to determine a, we require that acting on the highest weight with the Y+ (3) lowering generator s; _1 gives a
vector in V' (s).

s1,-1(u) ]2,2,0)

(5.63)
= [t1,—1(u)tra(—u) + 1 o(u)tro(—u) + 11 (u)tr—1(—u)][2,2,0) (5.64)
=W B (1 —u'Ey) —u T By + 1+ u By (—um Y By q][2,2,0) (5.65)
=u 1,2,1) —u2)2,0,2) +uH1,2,1) + w2 1,2,1) (5.66)
=u"?(]1,2,1) - [2,0,2)) (5.67)
Here, we used the evaluation map, the properties of the highest weight states and E7 _;(2,2,0) = —|1,2,1).
The latter can be seen from [Ey _1, E1 0] = —F; —1. We can now conclude that
V(s) = span{|2,2,0),]2,1,1) ,u72(]1, 2,1) —12,0,2)),|1,1,2),/0,2,2)} (5.68)
and
L(2,2,0)=V(s)a W, (5.69)

where W = span{|1,2,1) 4+ (2,0,2)}. In order to calculate the Y block in (5.35), we need to calculate the
action of the diagonal generators on W, that is soo(u)(|1,2,1) 4 |2,0,2)) and s11(u)(]1,2,1) +(2,0,2)). We
have

so0(u) = to,—1(u)to1(—u) + too(u)too(u) + to1(u)to,—1(u) (5.70)
and using the evaluation representation

so,0(u)(|1,2,1) +12,0,2)) = (5.71)
(—u?Ey—1Eo1 + (1 — u *Eg ) —u *Eo1Eo-1)(|1,2,1) +[2,0,2)) (5.72)

Noticing that both Ey ; and Ey _; annihilate |1,2, 1), it is easy to see that
s00(w)|1,2,1) = (1 —4u"?)[1,2,1). (5.73)
To calculate sgg |2, 0, 2), first note that [Ey _1, Ep 1] = 0, which implies
soo(u) [2,0,2) = (—2u"*Ey_1Eo1 + (1 —u"?Eg,))[2,0,2) (5.74)
The second term can be immediately seen to be
(1—uE§,)[2,0,2) = 2,0,2) (5.75)
One can then use the commutation relations of gl3 to show that

Eo,_1FE0112,0,2) = Ey_1Eo1E10E1 0

2,2,0) =2|1,2,1). (5.76)
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Putting everything together, we obtain

500(1)(12,0,2) +11,2,1)) = |2,0,2) —4u"?[1,2,1) + (1 — 4u"2) [1,2,1) (5.77)
= (1—4u"%)(]2,0,2) +|1,2,1)) + 4u%(|2,0,2) — [1,2,1)) (5.78)

Similarly, one can show that

51,1(u)(‘2’0) 2>+|17271>) = (579)
(1 —4u=?)(]2,0,2) +1,2,1)) —u"2(]2,0,2) —|1,2,1)) (5.80)

We see that the action of the Y7 (3) on W leads to a component in W and a component in V' (2) (not in W).
These components correspond to the action of Y and X respectively. As discussed earlier, X will eventually get
traced out. Focusing on the action of Y, we see that it is identical to the action of Y ™ (3) on the 1-dimensional
gls module L(2,2,2). We thus have

L(2,2,0) ~ V(2) & L(2,2,2) (5.81)

It should be stressed that this relation is not an equation (or isomorphism), since W and L(2, 2, 2) are clearly
not the same vector space. However, the MPSs generated from L(2,2,0) and V' (2) & L(2,2,2) is the same.
In other words, we can replace W with L(2, 2, 2) without altering the trace of the block matrix in (5.35). The
advantage of using the gl3 module is that it carries a Y 7 (3) highest weight representation, while W does not
(it is not closed under the action of the algebra). This Y+ (3) representation generates an integrable MPS and
the equivalence (5.81) allows us to relate the states generated from the three representations involved. Similar
calculations presented in [15] lead to the conjecture

L(s,s,0) ~V(s)® L(s,s,2) (5.82)

From twisted Yangian representations MPSs
In what follows, we change the normalisation of the R-matrix to

R(u) = uli2 +iPia (5.83)

which rescales the Yangian generators as
tij (u) — Utij (ZU) (584)
sij(u) — u?syj(iv) (5.85)

We do that so that the two-site block is non-singular at v = 0, where it factorizes.

For v € L(s,s,0), w; € V(s) and wy € L(s,s,2), the result of the previous section means that we can
decompose the action of Y (3) as

(s)

L X w
2630 0 ps0) oy (Vi (@) < 1) 5.86
ha (WL (=) v £ () £ (—u) o

i.a (U),C_L_a w2,

where summation over a is implied.

In order to build the MPSs, we need to transform the Y (3) representations into elements some K-matrix.
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Using (A.5) this leads to the following two-site blocks

L5 @) LE ) (—u) = 6™ () = L35 (@) L5 () (5.87)
Ui () = 6 () = 0 (w), (5.88)
where m=1 or 2. We can also rewrite
0™ () = L85 () L85 (—u)a,y (5.89)
to emphasize that this two-site block is a dressing of the two-site block of K5 = C. Then, according to the
result of section 4.3, the state generated from d) e m)( ) is
D TGS ) 60 O i g ) = E0(0) [ 5) (5.90)

Zk:.]k

where #(u) denotes a transfer matrix acting on the sate.

Let us now verify that qbz(;) (u) generates the same MPS as Xz(;) (u). We have

Ky(u) = S(u)C = PK,(u)P~'C. (5.91)
For the two-site blocks involved, this corresponds to

6wy = W= > Pax( B (5.92)

a,be{1,2,3}

We can now show that QSZ(;) (u) generates the original MPS, expressed in the new basis (5.33)-(5.35). We start
from

> xS 0)]ab), (5.93)

a,be{1,2,3}

which would give us the two-site version of (5.1) after taking the trace. We now simultaneously transform the
basis and express the x block in terms of

3 1 1
Z X‘(ISI’)(O) |a,b) = Z Z Z Pazl¢ prak k) P, bl ‘l> (5.94)
a,b=1 ab=11j=—1k,l=—1

3 1 1
- Z Z Pytpy! 7/%';‘ ‘(0 )6ju |k, 1) (5.95)
a=14j=—1k,l=—1

Making use of PPt = I = P~ = (P*)7, we can rewrite

ZP 1Pakl_ZP*Pak1_ ik (5.96)
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The last equality holds due to PPT = C' = P*P~! = C. We thus obtain

3
> XG0 = Z Z 0 (0)88:, 1 |k, 1)

ab=1 ,]_—11”_71
= Z ) (0) 14, )
7]__1

Therefore, we can rewrite the MPS as

|MPSk>: Z Tr |:¢(_7‘)1]1(O) . ’(ﬁ&?L jL(O) ’il,jl,...i£7j£>
ik,Jk€{—1,0,1} 373 273

Next, from (5.41)-(5.49) and after the rescaling (5.85) we can see that

where

The S; are a simple redefinition of the Cartan generators of sug. Then, under the sus automorphism

S;—»VSVTt=-8,
the two-site block transforms as
50 = Vel v =vC) 0
and we can rewrite
W) (0) = V19l o)V
Due to the cyclicity of the trace, this allows us to rewrite (5.99) as

IMPSy) =Y _ Tr [qz;ff_ﬂ w§§7_JL( )] i1, 1L, L)

UesTk

— YT [qbf—f?h 0)...¢

U Jk

5, Ol

N\h &

The relation between the states

The equivalent of (5.86) for the ¢ is
(s 5,0) ¢§s]) (u) X
¢ ( ) ’ (5,3,2)
0 ¢;; 7 (u)

7]
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from which it follows that

(s) (s) ~
B0l ) %
0 d)(s,s,Q) (u) . (Z)(s,s,Q) (’U,)

11,J1 7‘%7]%

65O (w) - 910 (u) ~ (5.110)
2 2

Using the property 7y () 1(s,5,2) ] = TTv(s) ]+ 17 L(s,5,2)[*] of the trace over the auxiliary space and (5.108),
(5.90), we obtain

{550 (0) |Wg) = |MPSy) + 552 (0) |¥s) (5.111)
or
|M PS) = (i59(0) — i552)(0)) [Ws) (5.112)

This is result we wanted, but we can take a few extra steps to replace the gls representations with equivalent
ones that simplify the calculations in the next part. The mapping

Ez’,j — —Ejﬂ‘ (5113)

is an automorphism of gl3. After using this mapping to redefine the generators, the vector space L(s, s, m) still
carries a representation of the algebra. To determine which representation it is note that, since F; — —Ej;,
the weights of each vector will change sign. Also, swapping the order of the indices means that we exchange
the raising and lowering generators. This has the effect of reversing the role of the highest and lowest weight
vectors. The lowest weight vector of our (s, s, m) representations is |m, s, s) and overall, our original (s, s, m)
module is the (—m, —s, —s) module of the transformed algebra. Under this automorphism, the Lax operators
defined in (4.44) transform as

LES™ (u) = L5 (0) @ ey = (ul —iBS™) @ ey = (ul +iE™ ) @ ej, (5.114)

where Ei(“;’s’m) is the matrix representing F; ; in the specified representation. Another trick we can use is that

we can rewrite these matrices as

BT = sl B0, (5.115)
After defining
—1
LOW) = (u— i M+ B @ e, (5.116)

we can then rewrite the Lax operators as

) (5.117)

) (5.118)

Finally, (5.112) becomes

IMPS;) = <£(5> (—i5;1> — i <—i8;1>) Ws) (5.119)
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5.3 Calculation of overlap ratios

The tableaux sum formula

Having related the matrix product states |M P.Sy) to the more simple state | Us) the computation of the overlap
({u;}|M PSs) reduces to computing the eigenvalues of the transfer matrices. In particular, since the Bethe
states are by construction eigenstates of the transfer matrix, we have

% _ 4 (_Z-S JQF 1> ) <_i8;fl> (5.120)

The transfer matrix eigenvalues can be calculated using the fableaux sum formula, which can be found in
[7], and gives the eigenvalues of transfer matrices whose auxiliary space is in an SU(N) representation that
corresponds to a rectangular Young diagram. Given rectangular a Young diagram with a rows and s columns,
the formula reads

0 (w) = IT =™ (u+ia_22k+ ! _im—§l+ 1) (5.121)
=1,....m

T k=1...,al=1,...,

The summation is over semistandard Young tableaux and 7;; is the number inserted in the (i,j) position in a
given tableau. The z-functions are such that the eigenvalue of the fundamental transfer matrix ¢1 (u) is

N
() =3 2O u) (5.122)
=1

We will shortly determine these z-functions.

The tableaux sum formula might seem incompatible with our results, since deals with sl representations,
while in the context of Yangians we use representations of the gl generators. We can get around that using
the fact that any gl representation can be restricted to an sl one. From now on, we will be putting the gln
highest weights in square brackets and sl weights in ordinary brackets, to avoid confusion. Let us choose an
embedding of sl into gy such that the Cartan generators are

Ez‘sz‘lN = Ei'qilN - Ei'q—f-]\ll,i—i-l‘ (5.123)
It can be immediately seen that, using this convention for the embedding, the [y, ..., A\x] representation of
gl contains the (A\; — g, ..., Ax_1 — Ay) representation of sl '2.

The form of the z-functions can now be recovered from eq. (3.51). Recall that this equation gives the eigen-
values of a transfer matrix with the auxiliary space in the fundamental representation and the physical space
in some other representation. In the present section we have been dealing with the opposite case, namely the
physical space is in the fundamental representation but the auxiliary might not. In the special case of the funda-
mental transfer matrix, where both spaces are in the fundamental representation, these two cases are identical.
Thus, plugging the highest weights of the fundamental representation of gl in (3.51) is equivalent to (5122).
In that case, we can identify each term in (3.51) as one of the z-functions. In order to be consistent with [7] we
need to change the normalization of the transfer matrix by defining

1
Qo(u + 1)

1276 be concrete, we should also define the off-diagonal generators Eile in terms of the Ef le such that they behave

as raising and lowering generators. However, we are not going to use them, so that is not necessary here.

2D (u) = Dy(u)Py(u), (5.124)
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where Qo(u) is one of the Baxter polynomials, here defined as

Qo(u) = u* (5.125)
M@

Quu) = [J(u—ull)), for1 <1 <N -1 (5.126)
n=1

Qn(u) =1 (5.127)

We can use these Qo (u) to rewrite the Drinfeld polynomials as

L
Pi(u) = [ (u+1i) = Qo(u+1) (5.128)
n=1
Pi(u) = uY = Qo(u), k> 2, (5.129)
where we have set all impurities 6,, = 0 and have substituted the highest weight vector « = (1,0, ...,0). The
dressing functions can also be written as
Dy(u) = D= 3) (5.130)
Q(u+3)
() 4 0D )\ 4 i=2)
Dy(u) = Qi+ MED)Q’( il i(lim) for0<I<N (5.131)
Qlfl()\ + 2 )Ql()\ + 2 )

and the z-functions as

z(l)(u — Qo(u) Ql—l(u‘FiHTl)Ql(u—kz’l*TQ)
Qo(u+1) Qi_1(u+i51)Q(u+ik)

(5.132)

These z-functions are identical to the ones presented in [7].

Calculation of the overlap ratios

In our particular case, the [s, 0, 0] module contains (s,0). The latter corresponds to a Young diagram with a
single row of s boxes, thus the eigenvalue () (u) is tgl). For such Young diagrams, the tableaux sum formula
for gls is simplified and can be found in [7]. In order to be consistent with [15], we change, yet again, the

normalization of the eigenvalues and redefine the Baxter polynomials as

No

Qo(u) = [ [ (iu — w) (5.133)
=1
Ny

Q1 (u) = [ (iu—v) (5.134)

Jj=1

that respectively correspond to the first and second simple roots of sls. Note that as a consequence of the
integrability conditions discussed in section 4, Ny is restricted to being even and Nt = Ny/2. In what follows
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we assume that IV, is also even. The tableau sum formula reads

s R S Q. i )
2 = Qol(— i+ 5 —k)Qo(—iu+ =2 — k)
k

: s+2
XZQ QQ(—ZU—F%—Z)

— Qi (—iu+ 5 = Qi (—iu+ =5 —1)

) (u) = Qo(— U—*)Q+(
(5.135)

and the two eigenvalues that appear in (5.120) are

(s)

) L Q+ (k) Qo)
) = Qo(s+ )Q+( )kzo( ik) Qo(k + H)Qo(k — 1) ZZ; Q+(H)Q+(1—-1)

s+1
2

(S)(

and

(s—2) k
(s—2) _~S+3 j: . L Q+ k+2 Q0l+ )
o 2 )= Qs )Q+()k21(2k+22) Qo(k + 3)Qo(k + 3) Z:o (I+2)Q4+(I+1)

S

(st R () S Qo 3)
Qs+ 900 20" G0 D) X Gr @ =)

where in the second equality we shift the parameters and the bounds of the summation. To simplify notation,
let us set

_ (ik)E Q+(k)
AR = G 1t )
B{) = Qo(l - 3)

Q+(u)Q+(u—1)
We then have

s k s k
Y A(k)Y B(1) =Y A(k)Y B() =
k=0 =0 k=2 =2

1 k 1 k s k
STAMR)D BO+D AMR) D _BO+ B(l)) — > Ak)> B
k=0 =0 k=2 =0 =2 k=2 =2

1 k s 1
S AR B+ > Ak B() =
k=0 =0 k=2 =0

s 1
A0)B(0) + > A(k)> B(l) =
k=1 =0

s 1
D A(R)Y B,
k=1 =0
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where in the last equality we used that A(0) = 0. The two sums are now decoupled, so we can independently
investigate

. B Qo(—3) Qo(3)  Qo(3) Q+(1)Qo(—
2 B0 = <Q+(0)Q+(—1)+Q+(1)Q+(0) RROPROR RSN

=0

)
)

To simplify this expression, note that due to the pairing of the Bethe roots and Ny being even, the polynomial
Qo(u) is even:

+ 1) (5.136)

DO D=

No No/2
Qo(w) = [ J(iw—ui) = ] (iw— w)(in+ wi) = Qo(—u). (5.137)
=1 =1

Since we have assumed that [V is also even, the same holds for () (u) and it immediately follows that

|
ERETCr) 0239
and
1 Qo(3)
; B(l) = 2m. (5.139)
Putting everything together, we obtain
1) (=2 ; Ly ey g8 er 3y = 2Q0(5$j(2)§20(5) k;(ik)LQo(k: +Q§+c(glz)(k y (5.140)
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6 The (SO(6),SO(5)) symmetric pair

The MPSs that we are interested here are related to the matrices G; introduced in Appendix B. An SO(5)-
invariant MPS in the Hilbert space of an SO(6) spin-chain can be built out of the two-site block [23]

bap(u) = 2(u + 1)GoGy — 2u(u — 1)[Ga, Gy] — u(4u? + C)oupy , a,b=1,...,5 (6.1)
oes(u) = u(du(u+2) — C),

where C' = Z?Zl G? = n(n + 4). Our goal is now to express these MPSs in terms of the O-state
I L
Vo) = ®i21 [6) = @;Z, |66) (6.3)

6.1 The extended Yangian and the twisted extended Yangian

Convention for the R-matrix

The two-site block (6.1-2) has been derived as a solution to the BYB relation (4.22) using the R-matrix (4.4).
In the context of extended Yangians, it is standard to use (A.13) instead. The form of the R-matrix is the same,
but the trace operator is now defined as

N/2

K= Z €ij & e—j—j. (6.4)

i,j=—N/2

Using our modified transposition -/, we can relate this matrix to the permutation as K15 = Pl = P12 = PL,.
Thus, the crossing relation for the R-matrix now becomes

Rl (u) = Rya(k — u) (6.5)

The extended Yangian X (sog)

The extended Yangian X (sog) is another unital, associative algebra generated by ¢;7°(u) with 1 < 4,5 < N.
The relations that these generators are subject to have the form of the RTT relation, with the SO(/V) R-matrix
in the place of the SU(N) one [2]. The one that is relevant to us is clearly X (sog), which can be mapped to

the Yangian of gl4 via the homomorphism
T (u) — (I — P)T{" (w)T§™ (u — 1), (6.6)

where P is the permutation in C* ® C*. This mapping should be understood as follows. The (I-P) projects
T9" (u)TE" (u — 1) on the anti-symmetric subspace of C* @ C*. The latter is isomorphic to C°, after we
construct a basis for C° out of the canonical basis of C* ® C* as

v_3=¢€1Rex—e2® e

%
no
|

=e3®e; —e;Res
v_1=€e1®eq —eq4RQe
v =e2®e3—e3R e
Vg = ey Wey —eqg®e

U3 = e3 ®ez —e3® e
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We then need to restrict the action of 7 fl“ (u)T: 514 (u — 1) to C5, which is achieved by calculating its matrix

elements in the above basis. We thus have

75 (w)],; = of (T9" () T5" (= 1)) vj. (6.8)

v

The resulting expressions can then be simplified using the RTT relation for Y (4), which leads to the expressions
of X (sog) generators

t9l4

1)
1 (6.9)
2

)
)

s0 _ 19la 1\ _ 49la gla
£ (W) = 11000 W60 @ — D = the,406) (WG

fl(_?’) = -2, fl(_2> =1, fl(_1> = -2, f1(1> = -1, f1(2) = -1, f1(3)
f2(_3) = -1, fQ(_Q) = -2, f2(_1> =2, f2(1) =1, f2<2) =2, f2(3)

These relations allow us to use the evaluation homomorphism for Y'(4) to treat a gly-module as a X (sog)-
module.

The extended twisted Yangian X (sog, s05)
Similar to the twisted Yangian, we can define a twisted extended Yangian X'“(sog) as the subalgebra of
X (s0g), generated by

S(u) = T (u)So(u)(T5°) (—u), (6.10)

where Sp(u) satisfies the relation (4.28), with the SO(N) R-matrix. We choose

a1 0 0 0 0 0
u
0 I 01 0 0 0
0 0 ——= 1 0 0
So(u) = utl 1 (6.11)
0 0 1 —wo1 0 0
0 0 0 0 w1 0
0 0 0 0 0 5
In addition to the reflection equation, this matrix fulfils the symmetry equation
2
St = So(—u) — 4 (6.12)

(u+1)(u— 1)I

and the corresponding twisted extended Yangian is denoted X (sog, sos) [10][11]. The process of deriving
the quaternary relation from the RTT relation, presented in the previous section, is unaffected by the different
choice of R-matrix, thus it holds for this S(u). In addition to that, it fulfils the symmetry relation

St(u) = S(—u) + i@(u) — S(~u)) — 2u1— 9

Tr(S(u)]l, (6.13)
as a consequence of the symmetry relation for So(u).
The connection between this algebra and our goal becomes clear after we find the K-matrix that corresponds to

So(u). As explained in Appendix A, we can transform between a K-matrix and an X (sog, so5) representation
as

S(](U) = P_IKO(U)P (6.14)
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with P fulfilling (A.18-19). Using the matrix

1 ¢« 0 0 0 O
0 01 ¢« 0 O
110 0 0 0 1 ¢
P= V210 0 0 0 1 —i (6.15)
0 01 — 0 0
1 = 0 0 0 O
we obtain
a1 0 0 0 0 0
0 47 O 0 0 0
0 0 X 0 0 0
_ u+1
Ko(u) 0 0 0 %0 0 (6.16)
0 0 0 0 9 1 0
0 0 0 0 0 472
Noticing that
[KO(O)]ab 0, (CL, b) 7& (67 6) 1
[K0(0)]es = —1 (6.18)

we can see that this matrix generates |Uy), up to a phase.

The definition of a X (sog, so5) highest weight representation is slightly different from the one for Y *(N).
We call a vector space V' an X (sog, s05) highest weight module if it is generated from v € V/, such that'3

si;(u) v =0, fori < jand (i, ) # (1,-1) (6.19)
sii(w) - v = pi(u)v (6.20)
s1_1(uw) v = pP(u)w (6.21)
s_11(u) v =p (u)w (6.22)

The main difference between this definition and the definition of Y (V') highest weight representations is that
s1,—1(u) and s_1 1 (u) behave like Cartan generators, in that they do not alter the weights of the state. This can
be attributed to the fact that they are fixed points of the -! transposition, since

1
simi(w) = > baisha(W)dh; = si_i(u) (6.23)
a,b=—1

Then, through the symmetry relation (6.13), they are expressed in terms of the s;;(u). As consequence of this,
the 11(*) (u) are not indepenent, as they can be expressed in terms of the 1;(w).

6.2 Identification of V with a dressing of Sy(u)

The strategy for relating the | M PS,,) generated from (6.1) and |¥¢) is similar to the one employed in the pre-
vious chapter. Namely, look for a relation between the X (sog, so5) representation that corresponds to | M P.S,,)
and a dressing of the representation that corresponds to | (). This is achieved by comparing the highest weights

'3 This is not a standard definition, but was conjectured in [15].
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of the corresponding X (sog, sos)-modules.

Calculation of the X (sog, so5) highest weights
Using the matrix P, we create an S-matrix out of the K-matrix which generates | M P.S,,)

S(u) = iu_S(l —u Y PR ()P (6.24)

The components of the S-matrix are better expressed in terms the matrices @i defined in (B.17)-(B.19). Since
we are interested in computing the highest weights, we only need some of the components of the S-matrix, in
particular

Ua(u) = g1(@)G1 Gy + go(w)[C, G 1) + f(u) (6.25)
¥2(0) = 01(0)GaGs + 92(u)[ G, G2) + f(w) (6.26)
V1.() = 5 (91 ()G + f(u) + h(w) (6.27)
¥1,-1(0) = 501 (w)GE + S () — h(w) (6.25)
Yo11w) = 5 (01 (G + f(w) — hw), (6.29)
where

1 (u) = —%U_Q(l —u?) (6.30)
go(u) = %u*1(1 _u?) (6.31)
flu)=010-uHa+ %ﬂ) (6.32)
h(u) = —(1 —u M) (1 +2u™t - %u—Q). (6.33)

As discussed in appendix B, the
oy i[é,-, G (6.34)
furnish an sos representation with lowest weights (—%,—2). Using (B.21) one can see that G_; and G5

lower the sos weights. For our lowest weight vector v, we thus have

G_1-v=G_2-v=0. (6.35)

It is then easy to see that
s33(u) -0 = (f(u) +4g2(u)F11) - 0 = (f(u) — 2ng2(u))v 6.36)
s22(u) - U= (f(u) + 4g2(u) Fa2) - 0 = (f(u) — 2ng2(u))v 6.37)

To compute the remaining weights we use C' = Z?:l G? =n(n + 1) to write

ég 0 =Cv— (élé_l + é_lél + égé_g + é_gég) (6.38)
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Then, noticing that

GiG_i +G_iG; =[G, Gi] + 2G:G_; = —4Fy; + 2G,G (6.39)

we obtain
S1a(u) 5 = £ (nga(u) + F(w) + b)) (6.40)
S1-1(w) -5 = s_1,1(u) -5 = > (g1 (u) + F(u) — h(w)5 (6.41)

2

We have therefore calculated the highest weights of our X (sog, so5) module, which we can factorize and write
as

() = () = (1 —u )1 = Ju™")? (6.42)
) = —u (1= u ) (1= Ju)? (6.43)

TL2
P ) = O () = (1= u?)(1 = Zu?) (6.44)

Determining the corect dressing
We now look for a gly module L(A1, A2, A3, A1), such that the highest weights of the dressed representation

SP () = T (u) So(u) (T**) (~u) (6.45)

match the ones we just obtained. Unlike the (SU(3), SO(3)) case, where the twisted Yangian module was a
subspace of L, we can now find a single gl4 module such that V' (n) = L(A1, A2, Az, A\4).

Since the X (sog, sos) weights of V are related to the so; weights, we can start by fixing the sos highest
weights of the gl4 module. Similar to (5.27), an embedding of sos in gly is given by

Fij=Eij—Ej—i (6.46)
If we then choose the Cartan subalgebra to be generated by
1
Hy = §(F11 + Fha) (6.47)

1
Hy = §(F11 — Fh), (6.48)

we obtain that the sos highest weights on L(\1, A2, A3, \4) are (— )‘1“‘25)‘3*)‘4 ,— )‘1*)‘25)‘3’)‘4) By requir-

ing that these weights are equal to (—%, — %), we get two equations that lead to the constraints

A2 = A3

6.49
)\4 — )\1 = n. ( )

We therefore restrict our search to representations of the form [n + c1, ¢2, c2, ¢1]. We can further restrict our
options by comparing the dimension of the gl4; module to that of the X (sog, so5) module. The general formula

56



6 THE (SO(6),S0(5)) SYMMETRIC PAIR

for the dimension of a gl representation is

N . .
A=A —
dim[Ar..., Ay] = H%@HJ (6.50)
1<J J

which in our case reads

dim[n + ¢1, ¢, c2, 1] =

(6.51)

1
12(n—|— 3)(ca—c1+1)(ca—c1+2)(—ca+c1+n+1)(—ca+c1+n+2)

Equating this to the dimension of the G-matrices (B.13), gives four solutions for the ¢; and c3. Two of them
contain square roots, which we ignore as they do not correspond to finite-dimensional representations. The
remaining solutions give the representations [n + ¢,n + ¢,n + ¢, c] and [n + ¢, ¢, ¢, ¢|. We will now show that
the correct choice is the first of the two, by explicitly calculating its X (sog, sos) highest weights.

In what follows, v = |n+ ¢,n+ ¢,n + ¢, ¢) denotes the highest weight of the gl4 module. The definition
of the twisted extended Yangian (6.10) reads

53 a(u)-v= Zts% w)]apt™s _y(—u) v (6.52)

Since tfjo ¢ with ¢ < j annihilate the highest weight, the only term that survives is

U
u+1

u
B R (—w) v = —

1
(1 ot (—u = 1) = 25—t ) (—u=1) v (6.54)

(#51 )t (u = 1) = 5 ()t (w = 1) ) (6.53)

Similarly, due to tflﬁ v =0fori < jand tglG v = \;v, only one term remains

L0 ()t (u — 1)t~ (~u—1) v (6.55)

D
33,3(“)"”: !

Using (5.12), and simplifying the expression, one can eventually obtain

(1= (3 + 1)1 - u')?

py (u) = 0T a2 oy (6.56)
The same process yields the remaining highest weights
WP () = P () (6.57)
D) = — (u? — (n + cizziujl(;;(ul)_(zi)— n—c+1) (6.58)
iy (u) = (= (n+ Cizzg__lgn te- 1Y) (6.59)
b = L= — 22)2(521; =1 (6.60)

We can now fix the constant ¢ by requiring that ug)(u) = ug)(u), according to (6.44). We find ¢ = 1 — 3.

Finally, we can notice that the highest weights of the dressed representation are proportional to those of the
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X (s0g, s05)-module:

_(n 2u—2
P = T ) (6.61)

We can thus conclude that

(1 —u=?)2

SR )

T°%° (u) So (u) (T°*° (—u))’ (6.62)

6.3 The transfer matrix eigenvalues

The result of the previous section is that we can treat V(n) as

n n n n

V_L(1+§,1+§,1+§,1—§) (6.63)
This implies that the MPS is related to |¥() via the action of a transfer matrix at some special point, which
we leave unspecified. The overlaps of the form ({u;}|M PS,,) are therefore related to the eigenvalues of the
transfer matrix at that special point. In order to simplify the calculation of the transfer matrix eigenvalues, we
now employ the same tricks we used in the previous chapter to replace this gl, module with an equivalent one,
which corresponds to a single-row Young tableaux. By rewriting all matrices in the representation as

EreP — EIP 4 (1 + g)l (6.64)

we replace our original highest weights with
L(0,0,0,—n). (6.65)
Then, under the gl4 automorphism E;; — —F; ;, this module is mapped to
L(n,0,0,0). (6.66)

Using the embedding (5.123), [n, 0,0, 0] contains the sl4 representation (n,0,0). We can therefore use the
tableaux sum formula to calculate the eigenvalues of this transfer matrix. Before doing that we need to re-
call that the formula treats suy spin chains, while we are working with the Hilbert space which carries the
fundamental representation of sog. This is not a problem, since sog is isomorphic to suy. The fundamental rep-
resentation of sog, which we have been using, corresponds to the antisymmetric representation of su4. We thus
need to fix the z-functions such that (5.122) gives the eigenvalues of a transfer matrix with the auxiliary space
in the fundamental of suy and the Hilbert space in the antisymmetric. Then, the tableaux sum will give us the
eigenvalues for auxiliary spaces in higher representations of su4 while keeping the physical representation the
same. We can, again, obtain the appropriate z-functions from (5.31) by plugging in a gl4 representation in which
the antisymmetric of su4, with Dynkin labels (0, 1, 0), can be embedded. Choosing (5.123) as the embedding
of the algebras, we see that this sl4 module can be embedded in any gl4 module of the form [a,a,a+ 1,a + 1].
This introduces an ambiguity that was swept under the rug in the previous section, in that there are several
gly modules where a given sl; module can be embedded. We now argue that the different choices of module
correspond to simply changing the point at which we need to evaluate the transfer matrix eigenvalue.

Let us compare the gl representation [A1,..., A\x] with one where all the weights are shifted by the same

constant [A; + 0, ..., Ay + 0]. The objects related to the shifted representation will be denoted with tildes. The
highest weights enter the description of the gl spin chain through the Drinfeld polynomials. By investigating
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(3.49) it can be immediately seen that the two cases are related by
Py(u) = Pp(u + ). (6.67)

These polynomials enter the RHS of the Bethe equations (3.64), while the LHS is independent of the choice
of representation. Now, consider the Bethe equations in the shifted representation. It is easy to check that by

redefining ﬂ%k) — 1]7(116) + 6, for all n and k, the Bethe equations take the form of those of the non-shifted case.

Thus, the roots in the two cases are related by the shift

ul® = al®) 4 0 (6.68)

n n

Since the roots enter the dressing functions (3.60), we have
Dy(u) = Di(u + i) (6.69)
Due to z(F) (u) o Dy (u)Py(u), the z-functions are also related by a shift in the argument

2R () = 20 (u + ). (6.70)

Therefore, shifting all weights in a representation has the effect of shifting the rapidity in the transfer matrix
eigenvalues.

To be consistent with [15], we choose the gl4 representation [%, %, %, %] and define the z-functions as
D) = — Dy — )P — ). (6.71)
(u+5)k

For that representation, the Drinfeld polynomials are

L

Py(u) = Py(u) = H(u—i—ig) - (u+z§)L (6.72)

Py(u) = Py(u) = (u+ =i)~ (6.73)

Introducing the Baxter polynomials
Q—(u) = [Jtiu - ulV) (6.74)
Qou) = [J(iu — u{?) (6.75)

Q+(u) = [T (iu—u?) (6.76)
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we can write the dressing functions as

Di(u) = g‘E_ZI i; (6.77)

- 231?5 o) 6

Dy(u) giﬁ::i 3; (6.80)

and the z-functions as

O = 2;2 — ; (6:81)

= iii S O ;%) (052

0 = (05

D () = m (6.84)

To calculate the required eigenvalue, we start from the tableaux sum formula (5.121) which in the case of a
single-row tableaux reads

=> I =™ @+, (6.85)

T I=1,...,n

where we have introduced © = u — Z"TH For suy4, such a tableau is of the form

(lfrfel 28] s]a]]4]

(6.86)

Denoting by k; the number of boxes that contain 1 < ¢ < 4, we have k1 + ko + k3 + k4 = n. We can then
rewrite the sum over all possible tableaux as

n n—ky n—ki—

Y-y -y sy (657)

Ti k1,k2,ks k1 ko=0 kz=

and the formula as

k1+ka
Z H ) (@ +ily) H 2 (@ + ily) x
lex ko ks L1 lo=ky+1 (6.88)
k1+ko+k3 n
I =®@+its) 11 2B (a4 ily)
la=k1+ko+1 la=k1+ko+ks+1
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For the first product, we have

; . k .~ 3
U+ 5 +ily Qo (—iu—11—2
1 =+ ) = D=t e Ca (650
=1 l,lzl(u—§+zl VI, Q- (—ia—1] — 3)
The factors in the numerator and denominator for which I; — I3 = 1 cancel each other and the remaining ones
correspond to the maximum and minimum values of /;. Reinstating the original parameter u, we get

[[ 0 (o m 202} (i Qi g?)
2 (u

YL : 2k
= —13)" Q-(—iu— m=pE)

The remaining products can be similarly seen to be

k11_+[k2 2(2) <u_in_2l2 + 1) _ (u_in72kéf2k2)L QO(—iu— n72§1+1) Q_(—iu— n72kéf2k2)
(u

“n—2k : —2k; —2ky+1 : —2k
la=1+k1 2 —itg)E Qo(—iu — PR Q(—iu — B

k1+ko+k . — — — — . _ _
1 ﬁ 3 2(3) <U_Zn_2l3+ 1> _ QO(_ZU_ n—2ko 2]2<;2 2ks 1) Q+(—ZU— n Qké Qk‘g)
2 QO(_ZU _ n—2k252k2—1) Q+(—ZU _ n—2k1—22k2—2k3)

I3=1+k1+ko

[1 SO 5 = S 2k 2k —2k; 2
Q+(_'Lu - 2 )

la=14+k1+ko+k3

Finally, introducing the variables

p=ki
n
q:k:1+k2—§
n
T:k1+k2+k3—§

we can write the transfer matrix eigenvalue as

() Q-(—iu— 3 —1)Q4(—iu+ 3 +1) nz/2 (1 + +ig)- Q- (—iu+ q)Q1(—iu+q)

n (u—i2)E Qo(—iu+q — 3)Qo(—iu+q+ %)

n/2

=/ (6.90)

—iu+p— ) Qo(—iu+1r+3)
Z Q—( w+p—1)Q (—iu+p) ZQ+ (—iu+r)Q4(—iu+r+1)

p=—n/2
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7 Conclusion and Outlook

Summary

In the first section of this thesis we briefly introduced NV = 4 SYM and derived the constraints imposed on
scalar two-point functions of the theory by its conformal symmetry. Then, through some 1-loop order calcula-
tions in the planar limit, we established the correspondence between the corrections to the dilatation operator
of the SO(6) and SU (2) sectors and the corresponding spin chain models. This was then used to explain the
relevance of MPS overlaps to certain defect versions of the theory.

In section 2 we solved the Heisenberg model through the Algebraic Bethe Ansatz. Interestingly the main fo-
cus in that approach is not the Hamiltonian but the transfer matrix, the eigenstates of which we determined
and called Bethe states. We also saw that the transfer matrix generates a family of commuting operators, one
of which is the Hamiltonian. Therefore, by diagonalizing the transfer matrix, we also determine the energy
eigenstates and eigenvalues. A crucial part of the process was the RTT relation, which is fulfilled by the Lax
operators and the monodromy. The latter implies the commutativity of the transfer matrix for different rapidi-
ties, which renders the system integrable. This illustrates the importance of the RTT relation as a requirement
for the integrability of the model.

In section 3 we introduced the Yangian of gl and noticed its intrinsic connection with integrability, as a result
of its generators satisfying the RTT relation. In particular, this implies that if one defines the Lax operator as
a representation of that algebra, the corresponding transfer matrix will generate commuting charges and the
model will be solvable. After introducing the evaluation representations of Y (V), this allowed us to construct
an integrable gl spin chain as a representation of ®“Y (V). We then derived the Bethe equations of this model
through the Analytical Bethe Ansatz approach. As a byproduct, we also obtained a formula for the eigenvalues
of the corresponding transfer matrices, which were used at a later point.

The introduction of Y (V) turned out to be useful towards achieving or goal of calculating overlaps relevant
to the dCFT. After introducing matrix product states and their integrability conditions, we saw that integrable
MPSs can be generated from solutions of the twisted BYB relation. This equation was then shown to be fulfilled
by representations of a family of subalgebras of Y (IV), the twisted Yangians. We then noticed that a family
of representations of Y (N) can be obtained by dressing the twisting matrix with Y (IV) representations and
derived that the MPSs that correspond to the undressed and dressed matrices are related by the action of a trans-
fer matrix. This relation provided us with a strategy for calculating overlaps between MPSs and Bethe states:
Identifying the Y (N ) representation that corresponds to a given MPS with a dressed representation enables
the calculation of the overlaps in question.

In what followed, we applied this strategy to two MPSs that appear in the study of defect versions of N' = 4
SYM. First, we worked with a MPS generated by spin representations of sus and belongs in a (SU(3),SO(3))
symmetric pair. For odd-dimensional representations, we were able to derive relations between this MPS and
the §-state, which is generated from the twisting matrix of Y+ (3). This was achieved by calculating the highest
weights of the MPS-module V' and identifying them as the Y+ (3) weights on a gl module L. This indicated
that V' can be embedded within L. Then, the orthogonal complement on V' with respect to L was investigated
and seen to be equivalent to another gls module, which allowed us to express the MPS as the action of two
transfer matrices on the J-state. As a result, the calculation of the overlaps was reduced to the calculation of
some transfer matrix eigenvalues, which we performed using the tableaux sum formula. The input to this for-
mula is related to the eigenvalues of the fundamental transfer matrix and we were able to extract from elements
of section 3.

In the final section we followed similar steps for the MPS of the (SO(6),SO(5)) symmetric pair. The main
difference was the replacement of the Yangian with an extended Yangian, which was required due to the SO(6)
symmetry of the underlying spin chain. Fortunately, an algebra homomorphism allowed us to reduce X (sog)
representations to evaluation representations Y (4), which we had already used. Another difference compared
to the previous case, was that the X (sog, so5) module corresponding to our MPS could be identified with a
single gl4 module, instead of being embedded in one. This simplified the process, as there was no complement
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to be examined and each overlap was related to a single transfer matrix eigenvalue, which we again calculated
through the tableaux sum formula.

Outlook: The (SO(6),SO(3) ® SO(3)) case
One more family of MPSs which is relevant to a defect version of N' = 4 SYM belongs in the Hilbert space of
an SO(6) spin chain and is generated from the two-site block

%([Z) (u) = (1 +u)SaSy — u(u + 1)[Sq, Sp] — %u(u2 +u+s(s+1))oa
¥in() = v () = 0

1
Uiipw) = Julu® +u = s(s +1))0ap,
where a,b € {1,2,3} and A, B € {4,5,6}. Similar to the cases discussed in the main text, it would be useful
to the calculation of overlaps ratios to relate these states to the J-state

W) = @7 (]11) +]22) + |33) — [66) — 66) — [66)).

The K-matrix that generates this J-state is related to the extended twisted Yangian X (sog, so3 @ so3). The
transformation matrix which creates an X (sog, so3 @ so3) highest weight representation from the K-matrix of
the MPS through () has been identified. It then should be possible, through a process similar to section 6.2, to
achieve the relation in question through twisted extended Yangian representations. The difficulty in this case
lies in the embedding of the X (sog, so3 @ so3) module in a gl4 module, which appears to be significantly more
complicated than the previous two cases. Some progress has been made by studying the branching rules of su4
highest weight representations, which will hopefully help to overcome this obstacle. If that is achieved, the
calculation of the overlaps will once again reduce to the computation of some transfer matrix eigenvalues. This
would constitute a formal derivation of some overlap formulas that have already been discovered numerically.
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A DIFFERENT VERSIONS OF THE BYB RELATION

A Different versions of the BYB relation

A.1 The SU(N) case
The supn R-matrix is

P
Ris(u) =Ty — % (A.1)

We have encountered the following two versions of the BYB relation:

Ko(v)RY (u 4 v) K1 (u) Ria(u — v) = Roy(u — v) K1 (u) Ry (—u — v) Ka(v) (A.2)
and what we called the quaternary relation

K5(v) Ry (u + v) K () Riz(u — v) = Ro(u — v) K] (u) Riy(—u — v) K (v) (A.3)

There exist two ways to transform a solution of the first into a solution of the second. The first is to multiply by
the charge conjugation matrix either from the left or right, i.e.

K'(u) = CK (u) (A.4)
or K'(u) = K(u)C (A.5)

In general, these two multiplications lead to different matrices, both of which are solutions of (a.3). The second
is to find a matrix P such that

P PoR(u)P[ Py = R(u) (A.6)
PP Ry (u) P Pyt = R (u)
and define
K'(u) = PK(u)P™* (A.8)
The conditions on the P-matrix (A.5)-(A.6) are fulfilled if
P € SU(N) (A.9)
pPPT = . (A.10)

In particular, (A.9) guarantees (A.6) due to the SU(N) symmetry of the R-matrix and (A.10) implies (A.7).
Since (A.3) is identical to the defining relations of Y (), any solution of that relation could form a repre-
sentation of that algebra. Therefore, (A.4-5) and (A.8) can be used to create Y (N) representations out of
solutions of the ordinary twisted BYB relation (4.22). It should be noted that, in addition to this, one should
verify that the symmetry relation of the specific twisted Yangian is fulfilled. Conversely, inverting these trans-
formations generates solutions of (4.22) out of Y (N)* representations. Verifying these relations is identical to
the proofs for the SO(N) case shown below.

A.2 The SO(N) case

This case is a little more complicated, as it turns out that the two transformations above lead to solutions of
different equations. These two equations include to two different versions for the SO(/N') R-matrix.
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Conventions for the R-matrix

ng(u) =719 — @ + Ko , (A.ll)
U u—K
where C15 = 'P1T2 = Z €ij & € j (A.12)
i,J
- P K
ng(u) =719 — I + , (A.l?))
U u—K
where 1612 = 'P{Q = Z €ij Qe_j—j (A.14)
(2]
Versions for the BYB relation
e Version 1: The ordinary twisted BYB relation
Ky (v)RE (u+ v) K1 (u)Ria(u — v) = Ro1(u — v) K1 (u) Ry (—u — v) Ko (v) (A.15)

o Version 2: We have not encountered this equation, but we define it here in order to clarify some points

K5 () Ry (u + 0) K (u) Ria(u — v) = Ry (u — v) K7 (u) Riy(—u — v) K3(v),

A.16
Rt(u) = C1RT1 (U)Cl = CQRT2 (U)CQ ( )

e Version 3: The quaternary relation
Ky(v)RY (—u — v) K1 (u)Ria(u — v) = Roy(u — v) K1 (1) Rlo(—u — v) Ko (v), (A17)

R'(u) = C1RT (u)Cy = CoR™2 (1) Cy

Note that going from 1 to 2 requires the replacement of - with -! while keeping the same convention for the
R-matrix. Going from 1 to 3 requires us to simultaneously replace - with -! and switch between the two
conventions. In the SU(N) case there is no distinction between the R-matrix conventions, due to the absence of
the trace operator, thus 2 and 3 are identical and the two transformations lead to solutions of the same equation.
Relations between the solutions of the different relations

o Relation between 1 and 2: K'(u) = CK (u) or K'(u) = K(u)C.

Proof: We can start by showing the relations C;CoR” (u)C1Cy = RT (u) and C1C2R(u)C1Cs = R(u).
It is enough to show that C; (Y is a symmetry of Z, P and K:

C1CyPC1Cy =Y CeyiC®CejiC =Y ey j®ej =P

2% 1,3
C1CoKC1Cy =) CeyyC® CeiiC =Y ey e ;=K
2% 4,3

(0102)2 =7 = 0102I0102 =7

The rest of the derivation consists of multiplying the BYB relation by C;C5 and inserting C? = I where
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needed to use these two relations.

K5(0) Ry (u + v) K (u)Riz(u — v) = Ror(u — v) K] (u) Riy(—u — v) Kj(v)

CoK>(v)C1 Ry, (u 4 v)C1CL K () Ria(u — v) = Rot(u — v)C1 K1 (w)C1R]y(—u — v)C1C2 K> (v)

CyC1 Ko (v)RE (u + v) Ky (u)Riz(u — v) = Ry (u — v)C1 K1 (u)C1RL (—u — v)C1Co Ky (v)

Ks(v )RT (u + v) K1 (u)Rio(u — v) = CoC1Ro1 (u — v)C1 K1 (u)C1RL, (—u — v)C1Co K5 (v)
Ko(v)RE (v + v) K1 (u)Riz(u — v) = CoC1 Ry (u — v)C1Co K (1) CoC1RE, (—u — v)C1Co Ko (v)

Ks(v) Ry (u+ v) K (u) Ria(u — v) = Rar(u — v) K1 (u) Ris(—u — v) Ka(v)

o Relation between 1 and 3:
Given a matrix P such that

P P,R(u)P Pyt = R(u) (A.18)
and PPT =C (A.19)

then
K(u) = PK (u)P™* (A.20)

Proof: The first step is to show that PPT = C' = R'(u) = P,P,RT (u)P; ' Py ' :

]N%t(u) = 01RT101
= (P PR (u) Pl Py
= PPRT (u)P; Pyt

where we used that PP” = C = PT = P~'C and P = C(P~1)”. Now, the process of showing that
the solution transformation is correct is similar to that of the previous part. Start from

K (v) Ry (u+ 0) Ky (u) Ria(u — v) = Rar (u — v) K1 (u) Riy(—u — v) Ka(v)
and multiply by P; P, from the left and P *, P, ' from the right to obtain
PyKo(v)PyRY (u 4 v) K1 (u) Riz(u — v) Py Pyt = PyPy Ry (u — v) Ky (u) Rl (—u — v) Py Ko (v) Py
Now insert some PP~! = I to obtain

PyKo(v)Py ' Py Py R, (u + v) Py ' Py Py K (u) Py P Py Ryg(u — v) Py PPy =
PyPy Ry (u — )Py 'PUEP K (u) P P Py RY (—u — ) P Py Y Py Ko (v) Pyt
and use the relations between K (), R(u), R (u) and K (u), R(u), R*(u) to see that this is equivalent to

Ky (v) Ry (u 4 v) Ky (u) Riz(u — v) = Ry (u — v) K1 (u) Riy(—u — v) Ka(v),

which is what we wanted to show.

Note that due to the crossing symmetry of the SO(N') R-matrix, versions 1 and 3 are equivalent to the
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untwisted BYB relations

Ko(v)Ro1(u+v — k) K (u)Ri2(u —v) = Ro1(u — v) K1 (u)Ria(—u — v — k) K2 (v) (A.21)
K> (v)Roy (w4 v — k) K1 (u)Ria(u — v) = Ry (u — v) K1 (u)Ria(—u — v — k) Ko (v) (A.22)

It might then seem like the constraint PPT = C on the basis transformation is redundant, since the
transposed R-matrices do not show up. However, one should remember that these relations follow from

the original ones (A.15),(A.17) only if the crossing relations RT(u) = R(u — k) and R* = R(u — k)
hold. The condition RT (u) = R(u — k) & R' = R(u — ) leads to the same constraint for P.
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B The G-matrix representations of sos;

The y-matrix representation
The gamma matrices

. 0 —iUQ o 0 —iO’l . 0 IQ><2
ne <i02 0 ) 2= (ial 0 > ' = (IM 0 ) (B.1)
([ Iax2 0 (0 —iog
V4= < 0 _]2X2> » V5 = (Z.Ug 0 ) (B.2)
where o; are the Pauli matrices, form a representation of the SO(5) Clifford algebra, i.e.
{vi, 75} = 20ijLaxa. (B.3)

Now, consider the matrices

1

Vi = gz 1l (B.4)
Using the identity
[[A, B],C| =2A{B,C} — 2{C,A}B + C{A, B} — {A, B}C (B.5)
one can obtain
[Vij, Y] = %(%’k%‘ — 0kiVj) (B.6)

from which it follows that the ~;; generate a representation of the sos Lie algebra

[Lij, L) = (66 Liy + duLjr — 0Lyt — 651 Lik)

(B.7)
Lij = —Lj;

The highest weights of this representation are determined by diagonalizing the Cartan subalgebra. Since
[L12, L34] =0 (B.8)
and sos is rank 2, we can choose the Cartan subalgebra to be spanned by
h = {Li2, L34}. (B.9)

One can then find a common eigenvector of 12, Y34, such that

1
M2V = GU (B.10)

1
V340V = 507 (B-H)

which implies that the +;; form the representation with highest weights (%, %)

70



B THE G-MATRIX REPRESENTATIONS OF SOs

Higher dimensional representations
A higher-dimensional representation of the Lie algebra can be constructed from the -y; as

Gi=®I--@I+I®%® - ®I),, ®0N_dg (B.12)

where the tensor product needs to be symmetrised for the representation to be irreducible. The dimension of
these matrices is

1
dg = 6(n—|—1)(n+2)(n+3) (B.13)
From (B.6) it follows that the matrices
1
Gij = (G, Gy (B.14)
i
also fulfil the same relation, namely
[Gi]’, Gk] = jkGi — 5kiGj- (B.15)

and therefore form a representation of (B.7). To determine the highest weights, note that the n-th tensor power
of the vector v introduced previously is an eigenvector of G5 and Gg4. In particular

1 1 n
G12'(’U®"'®’U):(§+"'+§)U:§U
(B.16)
G- (v®---® )—(1+ +1) =2
34 (v v) = (3 5)V =5V,
thus the G;; generate the so; representation with highest weights (%5, ).
The complex matrices G;
Let us introduce the matrices
~ 1
Gy = —=(G £1iG B.17
+1 \/ﬁ( 1 2) (B.17)
~ 1
Gio = —(G3 £1iG B.18
+2 ﬂ( 3 1) (B.18)
Go = Gs. (B.19)
and define
1.~ =
Fij = Z[Gia Gjl. (B.20)
The equivalent of (B.15) is now
[Fijs Gi] = 3G — -G, (B.21)

which one can use to show that

(Fijs Frtl = 0 Fu—0uFrj + 05 —1Fp—i — 6 —1F_j;

(B.22)
Fij=—F_j.
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Therefore, the F;; defined here form a representation of the sos algebra using the convention in the main text
(5.23). By substituting (B.17)-(B.19) in (B.20) one can see that

Fi1 =—-Gi2 (B.23)
Fay = —Glas. (B.24)
It then follows from (B.16) that
Fii-v= —gv (B.25)
Foy v = —gv, (B.26)

thus the Fj; form the (—%, —%) representation of this sos algebra. The interpretation of the negative highest
weights is that v needs to be treated as a lowest weight state, namely a state that is annihilated by all lowering
generators.
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