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1. Introduction

The Bethe ansatz provides a way to find exact solutions for the eigenvalues and eigen-
states of the Hamiltonian in integrable models. It was first introduced by Hans Bethe
in 1931 to solve the simplest su(2) Heisenberg spin chain [1], known as the Coordinate
Bethe Ansatz (CBA). Later, developed by the Leningrad (now Saint Petersburg) School
in the mid-1970s, the Quantum Inverse Scattering Method (QISM) or the Algebraic
Bethe Ansatz (ABA) plays a central role in solving integrable models [2]. The method
relies on the underlying algebraic structure of the model, where the integrability can be
proven rigorously. Therefore, the Bethe ansatz can be regarded as the starting point
of quantum integrability.

Integrability techniques have found successful applications in gauge theories. The
spectral problem in the planar limit of supersymmetric Yang-Mills theory can be
mapped to solving one-dimensional integrable spin chains, which was proposed by
J. Minahan and K. Zarembo in 2003 [3]. Specifically, they demonstrated that the
one-loop dilation operator acting on a sub-sector of scalars in N’ = 4 SYM can be iden-
tified with the Hamiltonian of an integrable Heisenberg spin chain. This observation
can be generalized to the full scalar sector, which corresponds to an integrable so(6)
spin chain. Consequently, the spectrum of anomalous dimensions of scalar composite
operators in planar N’ = 4 SYM is solvable with the Bethe ansatz method, and hence
the N/ = 4 SYM theory is integrable in this sense.

Inspired by the spectrum integrability in A" = 4 SYM, another gauge theory pro-
posed by Aharony, Bergman, Jafferis and Maldacena, known as the ABJM theory [4],
also turns out to be integrable in the planar limit [5]. Analogous to the N' =4 SYM,
the planar two-loop dilation operator in the scalar sector of ABJM theory is identi-
fied with the Hamiltonian of an integrable spin chain with sites alternating between
the fundamental and the anti-fundamental representations of su(4). Besides, ABJM
theory has a high degree of superconformal symmetry in 3-dimensions and seems to
be an effective theory describing the world-volume theory of a stack of N M2 branes
moving on the orbifold C*/Z;. This is another example of the AdS/CFT correspon-
dence conjectured by Juan Maldacena in 1998 [6], referred to as AdS;/CFT3. This

correspondence relates two rather different types of models and provides an intuitive
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understanding of the origin of integrability in CFTj3; it translates to the integrability
of the corresponding string sigma model, for which integrability is a common phe-
nomenon |[7,8]. Consequently, integrability has become an important tool to perform
exact calculations on both sides of AdS/CFT.

This holographic duality can be deformed by introducing defects (probe branes)
on the field theory (string theory) side, known as the AdS/dCFT correspondence,
which leads to novel features on pairs of models. For instance, certain one-point func-
tions become non-zero due to the broken conformal symmetry, highlighting the special
properties of the defect. The one-point functions in a domain wall version of NV = 4
SYM can be expressed as an overlap between the Bethe state of su(2) spin chain
and the boundary state corresponds to the defect. The domain wall preserves part of
the supersymmetry, leading to boundary integrability and significantly simplifying the
overlap [9,10]. Inspired by the study of domain wall set-ups in N/ = 4 SYM, one can
expect there exists supersymmetric domain wall defects in ABJM theory [11]. With
the classical solutions of scalar fields, a 1/2-BPS domain wall version of ABJM theory
can be defined. By studying the corresponding boundary state in spin chain picture,
it turns out that this domain wall preserves integrability as well. Thus, the overlap
between the Bethe state and the integrable boundary state simplifies to a determinant
formula. Furthermore, the half-BPS domain wall in ABJM theory is holographic dual
to a D4 probe brane embedding in the Type ITA background AdS, x CP?, resulting in
a D2-D4 probe brane system. Integrability of the Green-Schwarz sigma model in the
dual string description was checked in [12], which suggests the ABJM domain wall is
integrable to all loop orders and for any value of the bond dimension.

The thesis is organized as follows. We first review integrability methods, e.g.
the Coordinate Bethe ansatz and the Algebraic Bethe ansatz for su(2) Heisenberg
spin chain in Chapter 2. Then, the Rational Q)-system is examined in Chapter 3,
which solves the Bethe equations efficiently and eliminates all nonphysical solution
automatically. In Chapter 4, we review the original ABJM theory and its spectrum
integrability. We study the su(4) alternating spin chain and demonstrate the procedure
for constructing the eigenvectors of ABJM theory. We also introduce the basic concepts
of the duality at last. In Chapter 6, we study the tree-level one-point functions in the
domain wall version of ABJM theory . We derive the classical solutions for the scalar
fields that describe a domain wall and explicitly demonstrate that the domain wall
preserves half of the supersymmetry. We define a domain wall version of ABJM theory
and briefly introduce its string theory description. Next, we discuss how boundary
integrability leads to a compact determinant formula for the one-point functions. This
overlap formula allows us to evaluate one-points in the spin chain picture. Finally,

Chapter 7 contains our conclusion and outlook.



2. Coordinate Bethe ansatz

In this chapter, we begin with the famous Heisenberg spin chain, a model proposed
by Werner Heisenberg in 1928 to study magnetism. We will briefly review how the
coordinate Bethe ansatz constructs exact solutions for the eigenvalues and eigenstates
of the Heisenberg spin chain. The key idea of the coordinate Bethe ansatz is to express

the wave function of the model as a superposition of plane waves.

2.1 Heisenberg spin chain

The Hamiltonian of the spin chain is given by
L
H == (JuSiSe + JySuS + J.S550,) (2.1)
n=1

where J,, J,, J, are coupling constants in each spacial direction. We consider the
simplest case, J, = J, = J, = J # 0 and spin operators satisfy the commutation
relation of su(2) algebra, which is known as the su(2) Heisenberg XXX spin-chain with

Hamiltonian

™=

Hyxx = —J S (S7S%, | + SUSY, | + S257.,)
! (2.2)

(Sp Spiq + Sy Sy +25:87.1),

n

D[
M“ I

n=1

where 5% = S% +45Y and S}, = 0%, i = 2,y,z (in fundamental representation). Fol-
lowing naturally, we should find the spectrum of the Hxxx under the periodic boundary
condition S} ., = Sj. The Hilbert space of the spin chain is the tensor product of the

spins of each site:

V=Vohe - V. (2.3)

It is of dimension 2% since each spin is V' = C2. So the size of the Hamiltonian (2.2) is
2L % 25 and hence for large systems it is hard or impossible to diagonalize it directly.

Probably the spectrum has to be determined with some other methods.

3
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2.2 General discussion

Without loss of generality, let J = 1. For a length-L spin chain, consider spin-
ups as vacuum and spin-downs as magnetic excitation (magnons). This decomposes
the Hilbert space into several subspaces, the vacuum sector, one magnon sector, two
magnon sector, etc., since the Hamiltonian Hxxx does not change the number of up
spins and down spins (total spin is preserved).

Pseudo-vacuum state with all spin-ups is defined as

Q) =th@| D@ @[ =11 1) =]1). (2.4)

For simplicity, we omit the symbol of tensor product here. With S*| 1) =0, S?| 1) =

| 1), we can see
z Qz L

Thus, |Q2) is indeed the eigenstate of the Hamiltonian and the vacuum energy is Ey =
L

-L
The basis vectors in the N-magnon sector, generated by acting with N lowering

operators on the vacuum, are denoted by

1,2, - ) = S S -+ S |, (2.6)

ni1Tn2

where nq,no,...,ny are the positions of down spins. Any energy eigenstate with N

flipped spins can be expressed as the linear combination of these basis vectors

) = Z a(niy,ng...,nx)|n,ng, ... ,nny, (2.7)
1<ni<..<ny<L
with some unknown coefficients a (ny,ns...,ny) satisfying periodic boundary condi-
tion
a(ng,...,ny,n1 + L) = a(ny,...,ny). (2.8)

Hans Bethe proposed a formula for the coefficients in 1931, known as the Coordinate
Bethe ansatz (CBA). The inspiration comes from that the Hamiltonian (2.2) is invariant
under the one-site shift of the spin chain , since it is homogeneous. Next, let us figure

out the CBA from the specific case to the general.

2.3 One magnon sector

The basis vectors in one magnon sector are |n). For any operator X, acting on site

n, the one-site shift operation relocates the operator from site n to site n + 1, namely
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U'X,U = X,4,. Easy to see the Hamiltonian (2.2) is invariant under the one-site
shift . Thus it commutes with the shift operator U and hence they have simultaneous
eigenstates. The one-site shift is just a lattice version of space translation, which

implies the energy eigenstate takes the discrete version of a plane-wave

) = 2_:16i”"|n>‘ (2.9)

Namely, we propose that wave function in coordinate representation is a(n) = " and
here parameter p can be regarded as the momentum of magnon. With the following

relations

S Sialn) = In+1),

= I~

Si il = In— 1), (2.10)

N
Il
—

L—-4

™=

Sy lz+1’n> =

n),

—~
Il

1

it is easy to find

L
Hxxx|¥(p)) = Z e Hxxx|n)
n=1

1< L—4
P e (In+ 1)+ n = 1) + =In))
n=1 (2.11)
1 L—4
= _ (e”’ +e P4 ) Z '™ |n)
2 2 =
L—4
= — (coslp) + =) 1)) = Br(p) W (p))
The energy of an excitation, one magnon, is
e(p) = Ei(p) — Ey = 1 — cos(p) > 0. (2.12)

From periodic boundary condition (2.8), we get the momentum quantization condition

e’ = 1. Hence, the momentum of magnon only takes values

p=—, m=12,..., L. (2.13)

There are L values of p totally, corresponding to L eigenstates. This is consistent with
the dimension of the Hilbert space of one magnon sector. (L basis vectors in this sector

and hence should have L eigenstates)
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2.4 'Two magnon sector

In this sector, we propose the following ansatz for the energy eigenstate

’qj(p17p2>> = Z a<p|n>‘nl>n2>7 (2143)
1<ni1<na<L
a(pln) = A(pr, pa)eP ™ T2 4 A(py, py)eP2m e, (2.14b)

where parameters pq,ps are the momenta of the two magnons. The wave function
includes two parts: approximately two single-particle states that are nearly free, and
the other states resulting from the exchange of two momenta. The exact expression
for the amplitude is not important. We only need the ratio of the amplitude, given by

the scattering matrix

A(p27p1)
S(p1, = ——""Z 2.15
(pl p2) A(pl,pg) ( )
Now we must have
Hxxx|¥(p1,p2)) = E2(p1,p2)|¥Y(p1,p2))- (2.16)
With the following relations,
L
ZSfSljrﬂnl,ng) = |n1 + 1,n9) + [n1,n2 + 1),
=1
L
ZS{Sﬁllnl,w) = ‘77,1 — 1,7L2> + \nl,ng — 1> , (217)
=1
L L-38
ZSfo+1|n17n2> = ’n17n2>7
=1

we can solve the energy Fs(p1, p2) and the S-matrix by substituting (2.14a) and (2.14b)
into (2.16). Actually, there is a summation over the positions of the down-spins in
(2.16), which means (2.16) holds for |n; — ny| > 1 terms and ny = n; + 1 terms
separately. We first work in the case that two spin-downs are not neighbors, i.e.
|ny — no| > 1, since (2.17) is only valid in this case.

It is straightforward to get

Hxxx Y a(p|n)ni,ny) = 5 > a(p|n) <|n1 —1,n9) + |n1 + 1,n9)
ni,n2 ni,ng

L—-8

_'_

]nl,n2> + ]nl,ng — 1> + ]nl,ng -+ 1))
(2.18)

L—-28
Z (COS p1) + cos(p2) + 4) a(p|n)|ni, ny)

=Ey(p1,p2) Y a(pln)|ny, ng).

ni,n2
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Thus, the energy derived from the region |ny — ng| > 1 is

E5(p1,p2) — Ey = 2 — cos(p1) — cos(pz) = e(p1) + (p2). (2.19)

This is just the sum of the energy of two magnons. For the ny = ny + 1 case, we claim
that the energy Fs(p1,po) still satisfies (2.19) because it is in front of the summation

over ni, ny in (2.16). Then with modified relations

L
> StShalna,ny 4+ 1) = |ny,ng + 2),
=1

L
ZS 1+1|n1, ny + 1> = |n1 —1L,n + 1> ) (2'20)
=

L —

1
L 4
Z Sy Sl+1|n17n1 +1) = |ny,ny + 1),

=1

the Schrodinger equation (2.16) gives
L—4 1
<E2 + 4) a(plny,ny +1) = 3 (a(plny — 1,n1 + 1) + a(p|ni,ny +2)) . (2.21)

The scattering matrix is obtained by substituting explicit form of a(p|n) and E; into

the above equation. Finally we get

1 — 2¢P2 1 et(p1+p2) LootBL — Logt P2 g

— __ 2 2 2 2

The quantization condition for the momenta is derived from the periodic
boundary condition a(p|ni,ns) = a(p|n2,n1 + L). Also, notice that the relation
S(p1,p2)S(p2,p1) = 1 clearly follows from (2.22) and is consistent with the definition
(2.15) of S-matrix. Then, we get the set of quantization conditions, which is so-called
Bethe ansatz equations (BAE)

eiplLS(pl,pg) =1, eip?LS(pQ,pl) =1. (2.23)

2.5 N-magnon sector

Inspired by the previous discussion, we can propose a similar form for the wave function.

An energy eigenstate in N-magnon sector takes the following form

W (p)) = > a(p|n)ni, ..., ny), (2.24a)
1<ni<.. <nN<L
a(pln) = 3 Alp,)errwmtreenzte o), (2.24b)

oESN
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here we denote the set of all possible permutations of {1,..., N} by Sy. For each o,
the corresponding permutation of momenta {p;, ..., pn} is denoted by p,. Thus there
are N! terms in the sum in (2.24b) while the unknown quantities we need to determine
are the eigenvalue Ey and (N! — 1) ratios A(p,)/A(p).

For the total energy Ey, based on the results in one and two magnon sector, we

conjecture that the energy of each magnon takes a simple form

e(pr) = 1 — cos(p). (2.25)

Then, the eigenvalue in N-magnon sector is

En(p) = Eo + Z_: e(pr)- (2.26)

The crucial conjecture for any amplitude is given by

which comes from the physical interpretation of the two body S-matrix. Then, the
ratios A(p,)/A(p) factorize into a sequence of two-body S-matrices since any A(p,)
can be brought to A(p) by a sequence of exchanges of adjacent particles. With this

conjecture, the periodic boundary condition (2.8) leads to the following set of equations

N
et =TT s(pj, pr), (2.28)
itk
which is the quantization condition for momenta {pi, ..., py }, namely N coupled Bethe
ansatz equations. Then, let us make a change of variables from momenta to the so-

called rapidity,

. uy + L I e
e — %2 = — cot — 2.29
e Uk_%, o 2co 5 ( )

resulting in a simpler form of the BAEs

i\ L N :
Up + 5 — U
( b 3) S | il Tk T 4 (2.30)
’LL].C—§ #kuk—uj—z
And the dispersion relation for each magnon also becomes simpler

2

—. 2.31
qui +1 (2:31)

e(pr) = 1 — cos(px) =



3. Algebraic Bethe ansatz

While the coordinate Bethe ansatz provides a physical picture that magnons propa-
gating in the vacuum and interact with each other in an integrable way, it does not
prove the integrability of the system. Let us review another method for solving inte-
grable models, called Quantum Inverse Scattering Method (QISM) or Algebraic Bethe
Ansatz (ABA), which was mainly developed by the Leningrad School. In this method,
the underlying algebraic structure of the model plays a role and the integrability can

be proven rigorously.

3.1 Building blocks

Instead of constructing the eigenstates immediately, we first define the building blocks
for the ABA. The starting point is the so-called Lax operator L,, defined on the local
Hilbert space of lattice site n and the auxiliary space labeled by an abstract index a,
namely L., acts on C, ® V,,. It is parameterized by the complex spectral parameter u

and generally takes the form:
Lan(“) = (u - %)[an + Z-Pcm, (31)

where P,, is the permutation operator. For the su(2) spin chain, the auxiliary space
3
can be taken as C2 and hence Py, = 3(I, ® I,) + 3. 0% ® S¢. Then the Lax operator
a=1

can be rewritten as

- . (3.2)
oz 1S, u—1S;

g G-
Lan(u):ujan+i Z US@S;Y: (u+2 n (25 ) 7

which is a 2 x 2 matrix in C? with local spin operators serving as entries. And it is
familiar that these spin operators satisfy the standard su(2) algebra.

The most important property of the Lax operator defined in (3.2) is that it
satisfies the RLL-relation:

Rap(u — v) Lgp(u) Ly (v) = Ly (v) Lo (1) Rap(u — v), (3.3)

9
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where a, b denote two distinct two-dimensional auxiliary spaces and Ry, is given by

U—v+1 0 0 0
0 — ) 0
Ry (1t — v) = (u — v) Ly + i Py = . . (3.4)
0 1 U —v 0
0 0 0 U—v+1

ab

The relation (3.3) can be verified explicitly by rewriting L, and L, as the 4 x 4

matrices in the tensor product space C2 @ C2. Tt is easy to see that the RLL-relation
relies on the underlying su(2) algebra.

Now we can build the central object for the ABA, which is known as the Mon-

odromy matrix and defined as the ordered product of Lax operators:

Alu) B<u>)

Clw) D) 83)

Ma(u) = Lal(u)Lag(U) C LaL<U> = (
where A(u), B(u), C(u), D(u) are complicated operators consisting of local spin opera-
tors. However, for most of our purpose it is unnecessary to figure out the explicit form
of these four operators. The point is the algebra they satisfy, which can be extracted
from the RM M-relation

Rap(u — v) My (u) My(v) = My(v) My (u) Rap(u — v). (3.6)

This relation directly follows from the RLL-relation (3.3). To find the algebra among

the operators A, B, C, D, we similarly rewrite the monodromy as the 4 x 4 matrix:

A(w) 0 B(u) 0
0 AMw) 0 B(u)
( (

M, (u) = M,(u) @I, = : (3.7)

Cu) 0 D(u) 0
0 Cw) 0 D)
and
A(v) B(v) 0 0
C(v) D) 0 0 | (3.8)

Mb(U) =1, ® Mb(v) = A 7)) B(U)

0 0 A
0 0 C(v) D)),
Then substituting (3.7), (3.8) and (3.4) into (3.6) yields 16 relations among A, B, C, D.

The following algebra is our concern:

[A(u), A(v)] = [B(u), B(v)] = [C(u),C(v)] = [D(u), D(v)] = 0,

A(u)B(v) = f(v —u)B(v)A(u) + g(u — v)B(u)A(v),

D(w)B(v) = f(u—v)B©)D(u) + g(v — u)B(u)D(v), (3.9)
C(u), Bv)] = ——— (A(v)D(u) — A()D(v)).
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where f(u) =%, g(u) = L.
The last important quantity we need to define is the Transfer matrix, which is

the trace of the monodromy matrix in the auxiliary space
T(u) = tryMy(u) = A(u) + D(u). (3.10)

It is easy to show
[T'(u), T(v)] =0, (3.11)

through the algebra in (3.9). Because the Lax operator is linear in the spectral param-
eter u, the transfer matrix 7'(u) is a polynomial of order L in u whose coefficients are
operators acting on the quantum space. As a result of (3.11), all of these operators

commute with each other and hence we find a set of L mutually commuting operators

Qi,Q;1=0, i,j=1,...,L, (3.12)

where (); can be organized as the local conserved charge involving interactions between
[ neighboring spins. In this sense, T'(u) plays the role of generating function of these L
conserved charges and therefore the su(2) spin chain constitutes an integrable system.
We will see later that the Hamiltonian belongs to this set of conserved charges and

acts as (Js.

3.2 Yang-Baxter equation

So far we have not discussed how we determine the matrix R, in (3.4). If we define
another kind of Lax operator with a different u dependence, we would have to use a
different R-matrix and finally would find another algebra instead of (3.9). However, it
turns out that the R-matrix is highly constrained and cannot be taken arbitrarily if
we want our algebra to be compatible. The consistency relation constraining the R-
matrix is known as the Yang-Baxter equation [13,14], which was discovered in different
contexts in the study of integrable models.

In order to derive the Yang-Baxter equation, let us reorder the product of three

monodromy as follows
Ma(ul)Mb(Ug)MC(U3) — MC(Ug)Mb(Ug)Ma(U,l), (313)
using the RM M-relation (3.6). This can be done in two different ways:

M.MyM, = Ry, (MM, M) R}
= RapRae (M, M_M,) R-1R7} (3.14)
= RayRacRye (M, M,M,) Ry RV R}
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and
M MyM, = Ry (M,M,M,) R}
= RyeRue (MyM,M.) BRI R} (3.15)
= RycRocRap (M MyM,) Ry R, R,
These two ways of reordering must be consistent. Therefore, we find the Yang-Baxter

equation that R-matrix must satisfy
Rap(ur, ug) Rae(ur, uz) Rye(ug, uz) = Rpc(uz, uz) Rac(ur, uz) Rap(ur, uz). (3.16)

Solving above equation is a highly non-trivial and mathematical problem. If we as-
sume that R(uy,us) = R(u; — u2) and certain non-degeneracy conditions, it can be
shown that there are three types of solutions for R(u): rational, trigonometric and el-
liptic, corresponding to the R-matrix in the X X X, X X7 and XY Z spin chain models

respectively.

3.3 Construct the conserved charges

Using the building blocks introduced before, we can figure out the ABA for the Heisen-
berg spin chain with spin—% representation of SU(2). In this representation, the per-

mutation operator acting on C2 @ C? takes the form
1
Pan:2<la®1n+203®afj>, o=, 2. (3.17)
It is called the permutation operator since we have

Pan ([2)a @ [y)n) = [9)a @ |2)n, (3.18)

for any vector |z), and |y), in the two spaces. The relation (3.18) can be checked

explicitly by writing P, in the matrix form. Besides, we have the following identities
Pn,aPn,b = Pa,an,a = Pn,be,aa Pa,b = Pb,a' (319)

The point is that the Hamiltonian (2.2) of the Heisenberg spin chain can be
written in terms of permutation operators

L

- L 1& . L 1%
HXXX = - Z Sn . Sn+1 = _1 Z Op " Opt1 = Z — 5 2:1Pn,n+1~ (320)
n=1 n=

n=1
We see that the Hamiltonian Hyxxx is essentially a sum of permutation operators up
to a constant shift. Recall that the Lax operator (3.1) is also expressed in terms of
permutation operator and we have the following relations
Lon(1/2) = iPgp,

d (3.21)
7Lan - Ian-
gy Lan(w)
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Using the above relations we can extract the momentum operator and the Hamiltonian

from the transfer matrix. The shift operator is simply given by
U=i*T(i)2) =i Ttr,M,(i/2)
= tI‘aPaJPa,Q c. Pa,L = (traPa,L> PL,Lfl c. P273P1’2 (322)
=Prr1...P32P21.

For any operator X, at site-n, the operator U shifts all spins by one site
U XU = X4, (3.23)

where we have used the fact P,,,, X,,P,» = X,,. Since the shift operator can be seen as

U= el , we have found the momentum operator P acting as the conserved charge ),
P = —log(i T<§)) (3.24)
1

Next, let us reconstruct the Hamiltonian (3.20) through the transfer matrix. In
i

order to expand the transfer matrix around u = 7, we first consider the derivative of

monodromy
d d
—M, = —(L, N
)| = gal )|
L
=i’ Py Pap. . Par (3.25)
n=1

~

L
-L—1
=1 ZP(L,LPL,I--'PL,n---PL,L—b
n=1

where P L» means the permutation operator Py, ,, is missing from the string of operators.
Then, by taking the trace over the auxiliary space and employing a similar trick as

when deriving the shift operator, we arrive at

L
@T(U,) = iL_l Z PL,L—l e Pn—i—?,n—l—an—i-l,n—an—l,n—Q e P271. (326)
n=1

u=1i/2

With the relation (3.22), we find that

(dCLT(u)) T(u)" = 12: Prnti- (3.27)

u=1/2

The left-hand side of (3.27) can be expressed as the logarithm derivative of T'(u).

Comparing with (3.20), the Hamiltonian can be written in terms of the transfer matrix

L ¢ d
Hxxx = — — = —logT'(u)

1 o d (3.28)
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We have seen that the transfer matrix generates the Hamiltonian, which serves as the
conserved charge ()s.
The third charge 3 involves interactions between 3 neighboring spins, which can

be chosen as ;

Qs = Z[Hi,i-i-la Hit1i4]. (3.29)

i=1
For the higher conserved charges, a specific boosting procedure is utilized for their

construction [15,16].

3.4 Eigenvectors

We have demonstrated the significance of the transfer matrix in the integrable systems;
it plays the role of generating a set of conserved charges. In this section, we consider
diagonalizing the transfer matrix, which help us find the eigenvectors of the conserved
charges, particularly for the Hamiltonian (3.28).

The pseudo-vacuum is defined in the same way as in the CBA. On each lattice

site, we equivalently have an upper triangular matrix acting on the state

Lan(t)| T = (“”S’i #n )mn: (“5 :S’I ) . (3.30)

. + . z l
uS, uw—1Sk 0 -3

Since the product of a sequence of upper triangular matrices is still an upper triangular

matrix, the action of the monodromy matrix on the pseudo-vacuum is

M) 1) = u+ i iSf.) (u—(i]-; iSQ—')'.‘(qu; z’S;‘>|TL>

i _
5 0 U

_ [Alw) Bu)) | .,
(A b,

here A(u), B(u),C(u), D(u) are the same operators introduced in (3.5). From the
general composition of these four operators, A(u), D(u) do not change the number
of up-spins and down-spins, while B(u) flips one up-spin and C(u) flips one down-
spin. Thus, B(u) and C(u) play the role of lowering operator and raising operator

respectively. We can read off the following eigenvalue equations from (3.31)
A(w)| t5) = a(w)[ 1F),  D(uw)| t*) = d(w)| 1F), C(u)|1") =0, (3.32)

o L L
with eigenvalues a(u) = (u + %) and d(u) = (u - %) . The pseudo-vacuum state

is an eigenstate of A(u), D(u) and annihilated by C(u), as expected. Such a state is
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known as a highest weight state or reference state. The existence of a reference state
is a nontrivial property of the system and is a necessary condition that the system can
be solved by Bethe ansatz.

We have known the action of A(u), D(u) and C(u) on the reference state, while

the action of B(u) remains complicated. We claim that the following state
lun) = B(u1)B(ug) ... Bluy)| 1) (3.33)

is an eigenstate of T'(u) = A(u) + D(u) if the spectral parameters uy = {uq,...,uy}
satisfy certain conditions. Since B(u) acts as the lowering operator, |uy) is a state
with N down-spins, analogous to the N-magnon state in the CBA. Let us figure out
the action of A(u) and D(u) on the state |uy) by using algebraic relations in (3.9).
For A(u), We know the state | 1¥) diagonalizes it and hence we want to move
A(u) through a string of B operators. From the algebra, when A(u) passes through
one B operator, their spectral parameters might be swapped. Thus, We arrive at the

following final result

N

A(u)B(wy) ... B(un)| ) = a(u) I f(ur — w)B(ui) ... Bluy)| 41
v (3.34)

where B(uy;) denotes that the operator B(uy) is absent. The first term on the right-
hand side is called the 'wanted term’ since it appears in the form of an eigenstate
of A(u). The rest terms on the right-hand side are labeled as 'unwanted terms’ be-
cause we aim for them to cancel out in some manner. The coefficients My (u|uy)
can be determined as follows: firstly, it is straightforward to find the coefficient of
B(u)B(u3) ... B(uy)B(u)| 1%) by using the second term of the algebra once, and

then use the first term for the rest of the commutation relations

g(u—u1) B(w)A(u1) B(uz) ... B(uw)| 1)

=g(u—wy) f(up — uy) B(w) B(ug) A(uy) B(us) . .. Bluy)| 1)

=g(u =) I flux = ) B)B(ug) ... Blux) ALw)] 1) (3.35)
=g(u — up)a(uy) ,f[Qf(uk —uy)B(uy) ... Buy)B(w)| 5.
Therefore, we find
M (ujuy) = g(u — uy)a(uy) ﬂ flug —uy). (3.36)

k=2
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Secondly, since all B operators commute, we can obtain My (uluy) simply from

M;(ujuy) by replacing u; with u

My (uluy) = g(u — ug)a(ug H flu; — uyg). (3.37)
Jj#k

Similarly, using the algebra we obtain the following result for D(u)

D(u)B(u1) ... B(u)| ) = H flu—u)B(w)... Bluy)| 17)
(3.38)
+ Z Ni(uluy)B(uy) ... B(ug) ... Bluy)B(u)| t5),
k=1
where the coefficients can be determined in the same way
N
Ny(uluy) = g(up — u)d(ug) IT f(ur — ;). (3.39)
itk
The unwanted terms cancel under the condition M + N, = 0, which leads to
N
Q(U—Uk Uk Hf —Uk g(uk —U)d(uk) Hf(uk _Uj>7
nék: i#k
N (3.40)
a(uy, Hf up — uj) = d(ug) [ Mlug —u;) k=1,2,...,N.
J#k J#k
Or written more explicitly
i L N o
<u’“+2> [A=%"'—1 k=12...N (3.41)
Uk—§ #kuk—uj—l—z

This is noting but the Bethe ansatz equations for the Heisenberg spin chain, exactly
the same as (2.30) that we derived by the CBA. Under the condition (3.41), the state

|luy) is an eigenstate of the transfer matrix 7T'(u)
(A(u) + D(w))luy) = 7(uluy)lux), (3.42)

with the eigenvalue

=

T(uluy) = a(u) || flux —u) + d(u 1:[ (u — ug)

N (3.43)
U —Uup +1 +1

U — Uk

B
Il
—

u—uk—i

I
2
&
=
’,:12

U — U

b
Il
—

k=1
The eigenvalue of all conserved charges can be obtained from 7(u|uy) due to the fact
that the transfer matrix generates all conserved charges. For instance, the eigenvalue

equation of the momentum operator (3.24) on a Bethe state is

Pluy) = Z1+LlogT |uN Zpuk luy), (3.44)
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where
1
pluy) = log s : (3.45)

Uk—§

And for the energy of |uy), using the Hamiltonian (3.28) we find

Hxxx|uy) (i - ; dlegT(u) _i) luy)
L L X 2
N L
- (et = § ) v

where e(ug) can be regarded as the energy of each magnon. The result (3.46) is
consistent with the energy of N-magnon state (2.26) derived by the CBA. Thus, we
have seen that the spin chain Hamiltonian can be exactly solved by the ABA. We can

derive the eigenvalue of higher conserved charges in a similar way.

3.5 Generalization

So far, algebraically, We have constructed the Bethe state (3.33) and derived the Bethe
ansatz equations (3.41) for the Heisenberg spin chain, where the spin operators satisfy
the su(2) algebra and lie in the spin-1/2 representation. It is natural to consider the
more general spin chain with higher spin representation or higher-rank symmetry. It
is now clear that the algebraic structure underlying integrable models is the RM M-
relation (3.6) where the R-matrix is analogous to the structure constant in a Lie algebra
and the monodromy plays the role of generators. Thus, essentially we can construct

different monodromy and R-matrix to generalize the Heisenberg spin chain.

3.5.1 Higher spin representation

Consider the spin-s representation of the local spin operators. The Lax operator takes
the same form, while the spin operators can not be written as Pauli matrices anymore.
The monodromy and the transfer matrix can be constructed in exactly the same way.
It is straightforward to find

A(u)|Qs> = (u + Z.S)L|Qs>a D(U) = (U - Z‘S)L|QS>7 (347)

where [€),) is the pseudo-vacuum state in the spin-s representation. And the transfer

matrix is diagonalized by the Bethe state with the corresponding eigenvalue

uU—1u —z U—1u —I—z
T(uluy) = a(u H k H k (3.48)

k=1 U Uk k=1 U Uk
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here a(u) = (u +is)’ and d(u) = (u — is)’. The Bethe equations for the XXX, spin
chain read as follows:

(uk—i-iS)L N Up — Uj — 1
U, — 18 #kuk—uj—l—z

=1, k=12,...,N. (3.49)

Thus, we observe that the spin representation is labeled by the eigenvalues of the
operators A(u) and D(u). Interestingly, this observation arises in other integrable
models as well. Different physical models can serve as representations of the same
algebra (3.6), characterized by a(u) and d(u). In this sense, the algebraic Bethe ansatz

is a more universal approach for integrable models.

3.5.2 Higher rank symmetry

Another generalization of the Heisenberg spin chain is achieved by selecting a symmetry
algebra with rank » > 1, indicating that the system enjoys a higher-rank symmetry
instead of su(2). For instance, the su(N) spin chain has the symmetry algebra with
rank r = N — 1, where the nested Bethe Ansatz [17] must be applied to solve the
spectrum. The basic idea of the nested Bethe Ansatz is to reduce the rank of the
symmetry algebra successively until it reaches rank 1, namely the well-known su(2)
case. For each reduction, we obtain a set of Bethe equations. Adding the last set of
equations from the rank 1 case, totally there should be (N — 1) sets of nested Bethe
equations.

The Hamiltonian of the su(/N) fundamental spin chain takes the following form:

L
HXXX - Z(In,n—i-l - Pn,n—i—l); (35())

n=1

where permutation opeartor P, ,,1 acts on CY @ CYY; and is defined by standard basis

matrix (Ejj) = 0udjk:
N
— a b
ij=1

For the lattice site-n, local Hilbert space is V,, = CY. We designate |1) as the vacuum
state for each site, and |2),|3),...,|N) as distinct excitations. The coefficients in front
of the identity operator and permutation operator were fixed by acting the Hamiltonian
(3.50) on the vacuum [1%).

From the definition (3.51), the permutation operator in components is Pf} =
0i0;r. And for the identity operator, we have Ifj = 0;40j;, where the indices take the

value

(ij) = (11), (12),...,(1N), (21), ..., (NN). (3.52)
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which implies the Hamiltonian of su(N) fundamental spin chain is a N? x N? ma-
trix. This Hamiltonian can be expressed in terms of generators of su(N). Using the

properties of tensor product, we find

1
(th @t 1)iN—1) k(N1 = tig, X 5 = 5 (5il5kj - 5ik5j1) , (3.53)
N n,n+1

here we have used the Fierz identity satisfied by the fundamental generators of su(N).

Then the tensor product of generators can be rewritten as the following
(te @, M _Lpu_ L (3.54)
n+1/i5 — 2 i N W S . .

Now the Hamiltonian (3.50) can be recast using (3.54)

su L 1
X)((])\(]) - Z Hn n+l — Z {(1 - N)In,n—f—l 2t & tn+1:| . (355)

n=1

It is easy to show that this Hamiltonian is su(/V) invariant, i.e.
(HAR . 1] =0, a=123... N -1 (3.56)

where

1 L
=33 Z (tr@Ln+ 1, ®t,). (3.57)

are analogous to the global spin operators in Heisenberg spin chain. With the commu-

tation relations of su(N) Lie algebra {ta tb } i f%¢6,,mt¢, one can show that

n’m

St @l + Lot et ] =0, (3.58)

which leads to (3.56). The R-matrix of the su(N) fundamental spin chain has the form

i

R(u—v) =14 g(u—v)P, glu—v) = (3.59)

u—v

And other building blocks of Algebraic Bethe Ansatz are defined in a similar manner

Lun(t) = Bunti = 1),
Ma(u) = Rar (= 5)Raa(u = 3) .- Rarfu = ), (3.60)

T(u) = TroM,(u) = z_: My (u)

The RM M-relation (3.6) still holds and leads to the algebra among the monodromy

matrix entries

[Mij(u), My (v)] = g(u — v) (My;(v) My (u) — My;(u) Mi(v)), (3.61)
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which is the famous Yangian algebra Y[su(V)] [18]. We expect the representation of
Yangian algebra is highest weight if

M;i|Q) = N(w)|92),  i=1,...,N.
(3.62)

where \;(u) are the vacuum eigenvalues characterizing the representation. The mon-

odromy is a N x N matrix in the auxiliary space CY, we can decompose it into:
A B
Mi(w) = ( " “”) , (3.63)

with entries B(u) = {B;(u), Ba(u), ... By_1(u)} as a row vector and C'(u) as a column
vector. The (N — 1) x (N — 1) matrix D(u) can be regarded as a sub-monodromy
satisfying the RM M-relation of su(N — 1). Thus, the transfer matrix becomes T'(u) =
A(u) + Tr,D(u). Monomial Bethe state (3.33) generally is not invariant under the
action of T'(u). Therefore, we claim that eigenvectors of the transfer matrix take a

polynomial form

|\I]> = Z Bﬁl (ul)Bﬁ2 (UQ) s B,BNl (uNl)Fﬂl,m,ﬂNl ’Q>7 (364>
B1,--BN,

where 3; =1,2,..., N — 1. To determine the function Fjp, g, , we can map it to the

energy eigenstate of inhomogeneous su(N — 1) fundamental spin chain with length N,

Fpy gy, = 1By By)- (3.65)

We identify F Bi,...0y, as the wavefunction of the spin chain eigenstate, allowing us to
determine it by solving the su(N — 1) spin chain, for which the rank of the algebra is
reduced by 1. Repeating this process, we can eventually return to the su(2) spin chain,
which has been extensively studied before.

After the reduction, a total of N —1 Bethe states will be constructed, with the last
Bethe state having the same form as (3.33). Acting the corresponding transfer matrix
on each Bethe state, to ensure the unwanted terms vanish, one set of Bethe equations
should be imposed. Therefore there are N — 1 sets of Bethe equations totally. Here

we present the general Bethe equations for the su(/N) fundamental spin chain without
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going into the detailed derivation [19]

o
U

Uy + 5 -
(f) = 1 S(ur e, wy) (1 ,k; u2,5),
YLk T3 ik i=1
Ka K1 K3
1= H S(U2,k7 U2,j) H S(Uzk, U1,j) H S(“Q,k; u3,j)7
J#k j=1 j=1
e UC (S 3.66
1= H S(“B,k7u3,j) S<U3,k7u2,j) S(U3,k, U4,j), ( )
#k =1 i=1
Kn_1 Kn_»2 R
1= H S(“N—l,kyuN—l,j) H S(UN—I,ImuN—Q,j)a
i#k i=1
with '
uU—v+1 = u—v—1i
S(u,v) = —  S(u,v) = 73 (3.67)
U—v—1 U—v-+ 3
There are N — 1 sets of Bethe roots {uj,us,...,un_1} with each set having
Ky, K, ..., Kn_qroots, respectively. After finding these Bethe roots, we can determine

the energy eigenvalues and construct the corresponding eigenstates of the Hamiltonian.

The energy is given by
(3.68)

The Bethe roots u; are special because they contribute alone to the momentum and
energy, hence they are called momentum carrying roots, while the other Bethe roots
are referred to as auxiliary roots.

From the representation theory, we know that any irreducible representation of
gl(n) is also an irreducible representation of su(/N) and vice versa. Consequently, the
Hamiltonian of gl(N) fundamental spin chain is exactly the same as (3.55), and the
Bethe ansatz for the gl(/V) spin chain remains unchanged. We have discussed the
fundamental spin chain, while for other representations, the Hamiltonian of the spin

chain would be more complicated, requiring some adjustments to the Bethe ansatz.



4. Rational ()-system

The Bethe ansatz allows us to determine the spectrum of integrable models by solv-
ing sets of algebraic equations. However, finding solutions to these non-linear coupled
equations is by no means a simple task, especially for generalized spin chains where
dealing with nested equation sets is highly complicated. Moreover, regarding the com-
pleteness of the Bethe ansatz, solving the Bethe equations directly may yield too many
solutions, including unwanted nonphysical ones. The Rational @)-system, proposed
by Marboe and Volin in 2016 [20], offers a powerful approach for analytically finding
Bethe roots, automatically eliminating all nonphysical solutions. We work with the

Heisenberg XXX spin chain for illustrative purpose.

4.1 Completeness of Bethe ansatz

For the su(2) XXX spin chain with length L and magnon number N, we first count
the number of expected solutions to the Bethe equations. Denoting the irreducible

spin-s representation by D), the length-L Hilbert space decomposes as:

B )
J:Jmin

where Jyin = 0 for even L and Jy;, = s for odd L. dy(L,J) is the number of spin-J
representations. The decomposition (4.1) can be computed by repeatedly applying the

Clebsch-Gordan decomposition for any two representations
DO @ DE) — P~ g PIO—t+1 gy . g DO+, (4.2)

For a given magnetization m, the number of coupled basis states bs(L, m) can be

computed by expanding the left-hand side of the following equation
(o +2 T 42 = ) b(L,m)™ (4.3)

On the other hand, each spin-J representation with J > |m| contributes one

magnetization-m state to bs(L,m), hence

by(L,m) = dy(L, |m|) + dy(L, |m| + 1) + ... + dy(L, sL). (4.4)

22
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The relation (4.4) indicates that the number of spin-J representations can be evaluated
by
ds(L,J) =bs(L,J) — bs(L,J +1). (4.5)

For the Heisenberg XXX spin chain, from (4.3) we can see that by /o(L,m) is just

the binomial coefficient

bij2(L,m) = bijo(L, —m) = (|L/2L_ ml) = (;) ; (4.6)

where we have rewritten m in terms of the magnon number by m = % — N. The Bethe

state (3.33) is the highest weight state of the spin-(£ — ) representation, since
+ z L
SHluy) =0,  S7luy) = (2 _ N) ). (4.7)

In other words, |uy) corresponds to the primary state |J, J) in a spin-J representation.
Therefore, we expect that the number of Bethe states equal to the number of spin-

(L — N) representations, namely the number of physical solutions A'(L, N) is expected

N(L, N) = dl/z(L,g—N) _ (sz) _ (NL_ 1) | (4.8)

to be
We restrict N < % because J > 0. The dimension of a spin-J representation is
2J + 1, and the total dimension of the Hilbert space of the spin chain is the sum of the

dimension of each subspace

> di(L,J)x (2] +1)
J=Tmin
[

5] I (4.9)

which is consistent with the dimension of the tensor product space V = (C?)®L.

If we directly solve the Bethe equations (2.30), for example, for L = 4, N = 2,
we find six solutions, whereas from (4.8) we only expect two solutions. This suggests
that some of the solutions are not physical, meaning that although they satisfy (2.30),
the corresponding Bethe state is no longer an eigenstate of the Hamiltonian or transfer
matrix. There are two kinds of such solutions that require more careful analysis:
coinciding roots and singular solutions that introduce poles in the dispersion relation
(2.31).

In general, for the solution {ug, ug, ..., ug, u1, us, ..., uy}, where the first K roots

are coinciding, there are N + 1 Bethe equations and K — 1 additional constraints to
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ensure the solution is physical. However, with only N + 1 variables, such a system
is over-determined and often does not have solutions. For the Heisenberg spin chain,
there is good evidence that we do not have physical solutions with repeated roots,
while for the su(2) XXX spin chain with s > 1, the physical solutions with coinciding
—%,ul, NN

the singular roots j:% need to be regularized carefully. After proper regularization, we

roots are allowed [21]. Besides, for the general singular solution {2,

see that some of the singular solutions are physical while others are not. The physical
singular solutions need to satisfy an additional condition.

Regrading the completeness of Bethe ansatz for the Heisenberg spin chain, the
actual number of physical solutions should match the expected number of solutions
N(L,N) in (4.8). Denoting the number of non-singular and physical-singular solutions
without repeated roots by Nj(L, N) and N5(L, N), respectively. The completeness

conjecture [21] proposed by Hao, Nepomechie and Sommese indicates that

Ni(L, N) + No(L, N) = (;) _ (NL_ 1) | (4.10)

where we find that the right-hand side of (4.10) is precisely the number of solutions
that we expect in (4.8). Thus, if the conjecture (4.10) holds true, the Bethe ansatz for
Heisenberg XXX spin chain is complete. In fact, this conjecture has been tested quite
non-trivially up to L = 14 [21].

So far, we see that there are in general too many solutions when solving Bethe
equations directly and we have to discard solutions with coinciding roots and non-
physical singular solutions. To find physical solutions efficiently, other alternative for-
mulations of the Bethe equations should be considered, such as Baxter’s T'Q)-relation
and Rational @-system. We focus on the Rational @)-system since it is more efficient

to find Bethe roots and can be generalized to solve generic Bethe ansatz equation [22].

4.2 The formalism

Firstly, we need a Young tableaux on which the ()-system is defined. For the Heisenberg
spin chain with length L and magnon number N, a Young tableaux with two rows
(L— N, N) is shown in figure 4.1. At each lattice point (a, s), we associate a polynomial
Q-function @, s(u) whose degree is equal to the number of boxes to the upper right of
the point. Secondly, we impose the boundary conditions by fixing the Q-functions on

the upper and left boundary:

Qs(u) =1, Quolu) =u",  Quo(u) =[] (u—wu), (4.11)

k=1
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Qoo
Figure 4.1: Young tableaux for the Bethe equations (2.30)

where @Q10(u) is just the Baxter @-function whose zeros are Bethe roots ug. For

convenience, we parameterize (1 o(u) as follows

N-1
Qio(u) =u™ + > g, (4.12)
k=0

where the coefficients ¢, encoding the Bethe roots are to be determined. We want to
derive a set of algebraic equations for {¢;} from the @-system. Finally, we impose the

QQ-relation to relate the four ()-functions at the four corners of each box

Qa+t1,s(1)Qasy1(u) = Q;r+1,s+1(u)Q;,s(U) - Q;+1,s+1<U)Q;r,s<u)v (4.13)

with @*(u) = Q(u =+ %). Thus, we can find all the Q-functions on the Young tableaux
using the QQ-relation and the boundary conditions. The point is that we require all
the Q-functions should be polynomial, which yields the zero remainder condition. We

will see that this requirement is non-trivial and leads to a set of algebraic equations
for {cx}.

4.3 Solve the ()-system

Before solving the ()-system, we first prove the equivalence between the QQQ)-relations
(4.13) and the Bethe ansatz equations (2.30). Considering the first column of the

Young tableaux in figure 4.1, we have the following QQQ-relations

Qu1(u) = Qg (u) — Qro(u), (4.14a)
Q10(w)Qo1(u) = Q1 (1)Qqo(u) — Qr1 (1) Qo (u). (4.14b)

Evaluating the equation (4.14b) at u = wy, we notice that @ ¢(u;) = 0, which yields:

Qfl(uk)an(“k) - Qi1<uk)QaO(uk> = 0. (4.15)

To determine Q7 ;(uy), we can evaluate the equation (4.14a) at u = uy & £, leading to

Qi1 (ue) = QT (wr),  Qiy(ue) = —Q1g (ug). (4.16)
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Substituting them into (4.15), we obtain

Qo0(ur) Q1o (ur) + Qoo(ur)Qy g (ux) = 0, (4.17)
or equivalently, N
Qoo(ur)Qro (ue) _
Qoo(ur)QTg (ur) - (4.18)

Upon plugging in (4.11), we find that the equation (4.18) is equivalent to the Bethe
ansatz equations (2.30). Therefore, we can find Bethe roots by solving @1 ¢(u) through
QQ-relations.

The basic strategy for solving the )-system is to determine the Q)-functions using

(4.13), row by row, from top to bottom. We begin with the row a = 1, the Q@Q-relation

reads
Qus+1(u) = Qp(u) — QF ,(u). (4.19)
The solution to this difference equation is
i 1
Q1,5(u) = D*Q1o(u), Df(u) = f(u— 5) — flu+ 5) (4.20)
We then consider the next row with a = 0. The Q@Q-relation reads
QU,S-‘rl(u)QLS(u) = i’—,s—&—l(u)Qas(u) - Ql_,s—i-l(u)@(—)‘r,s(u)) (421)

where functions ) s are already determined by (4.20). This equation can be used to

determine all Qo s by writing it as

_ Qi’—,s+1 (U)Q[;,s(u) - Ql_,erl (U)QS_,S(U')
Ql,s(u)

Generally, the right-hand side of the above equation is a rational function of u, instead

Q075+1<u> . (422)

of a polynomial. Thus, we need to impose constraints to ensure all the Q-functions
are polynomial in u, meaning that the remainder of the right-hand side of (4.22) must
be zero. It turns out that the zero remainder condition leads to a set of equations
for coefficients {c;} in (4.12). Then we can solve these equations and determine the
Baxter @-function () o(u) whose zeros are Bethe roots.

To see how rational @-system works, we present an example for (L, N) = (4,2).
The Young tableaux is shown in figure 4.2. The boundary conditions are given by

(4.11) where the Baxter @-function becomes
Q10(u) = u* + cu + co. (4.23)
We first consider the row a = 1, the QQ-relations for s = 0,1 are given by

Qi1(u) = Q1 — Qf,o =DQio(u) = —i(2u + 1),

Q1.2(u) = DQyy(u) = =2, (4.24)
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“ 101 1

E

Qo

Qoo

Figure 4.2: Young tableaux for L =4, N =2

where the operator D is defined in (4.20). For the next row a = 0, we have the following

(QQ-relation relations

B QT 1Q00 — Q11Q%0

Qoalw) = Q1o(u) 7 4.25
Q1.Q51 — QO (4:25)
Qoa(u) = L1220 1201
7 Q1(u)
where the explicit form of Qg1 (u) is
Qo(u) =1 [Q(U —3)+ CI] (ut )"~ [2<u t3)+ Cl} (w=3) (4.26)

u? + cu + ¢
Since the right-hand side of the above equation should be a polynomial in u, we find
Qo1 (u) = —6u® + 2ciu — 2¢] + 6o — 1,

1 (4.27)
Ro1(u) = (268 — 8cyco + 2¢1)u + (2¢o¢} — 6ca + co + §)’

where Ry ;(u) denotes the remainder of the right-hand side of (4.26). Now we can

evaluate Qo 2(u) and the corresponding remainder Ry»(u) in the same way
QQQ(U) = 12, RO,Q(U) = 16i61. (428)

We require the remainder Ry ;(u) and Rgo(u) vanish, leading to a set of equations for

{er, cob

1
2¢8 — 8cico +2¢1 =0,  2coc; —6¢5 +co + 5 =0 16ic; = 0. (4.29)

Solving for {c1, ¢} is straightforward, and then the Bethe roots are derived from the
zeros of Baxter Q-function (4.23):

i1 1 1
— ==, —_— ——=. 4.30
{ 2" 2 } { 2v/3 2\/3} (4.30)
We can see there are only two physical solutions to the Bethe equations with (L, N) =
(4,2), which is consistent with the conjecture (4.10). Compared with solving the Bethe

equations directly, which yields a total of 6 solutions, the crucial advantage of solving

@-system is that it eliminates all non-physical solutions and preserves the completeness
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conjecture. Although deriving the algebraic equations for {c;} requires some effort, it
is definitely worthwhile because the zero remainder conditions are much more efficient
to handle, particularly when (L, N) are large.

It is important to notice that in practice, not all QQ-relations are non-trivial.
For example, when (L, N) = (6,2), although there are 8 unknown @Q-functions on the
Young tableaux, only 4 of them are non-vanishing. As a result, the Q@Q-relations remain
the same as the case (L, N) = (4,2) but with slightly different boundary conditions.
Furthermore, not all zero remainder conditions are necessary. For (L, N) = (6,3), we
have 3 zero remainder conditions. However, it is not necessary to use all of them to
solve for {¢;}. By appropriately choosing a subset of these conditions, we can find the
desired physical solutions as expected. Indeed, there exists a set of minimal choices of

zero remainder conditions [23].

4.4 Generalization

The rational Q-system can be generalized to solve other types of Bethe equations corre-
sponding to various quantum integrable spin chains, such as inhomogeneous spin chains
where the vacuum on each site carries a weight, XXZ-type spin chains with open or
twisted boundary conditions [24-26], and more. For our concern, we want to generalize
the formulation of rational ()-system for solving Bethe equations corresponding to the
spin chains with higher spin representation and higher rank symmetry algebra.

The Bethe ansatz equations of su(/N) fundamental spin chain are given by (3.66),
which can be denoted graphically by the Dynkin diagram with N —1 nodes as shown in

Figure 4.3. here the solid circle is termed as momentum carrying node while the others

Figure 4.3: Dynkin diagram for su(N) fundamental spin chain

are considered auxiliary nodes. Each node in the Dynkin diagram is associated with a
set of Bethe roots u,, which corresponds to the a-th set of Bethe equations involving
the self-interactions of roots u, and their interactions with neighboring roots wq+1.

Furthermore, the momentum carrying nodes have an additional term contributing to

(u“ i 2) . (4.31)

'u,a—§

It turns out that the conserved charges such as momentum and energy of the Bethe

the Bethe equations

state only explicitly depend on the Bethe roots associated with the momentum carrying
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nodes. The rational @-system for Bethe equations (3.66) can be readily extended

from the case of Heisenberg spin chain. Now, the Young tableaux has N rows X =

(A1, A9, ..., Ay) and the number of boxes in each row is given by
M= L— K,
Ay = K1 — Ky,
Ay = Ky — K, (4.32)
AN = Kn-1,
where {Ky, Ky, ..., Ky_1} are the number of Bethe roots {uy, us,...,un_1}, respec-

tively. The boundary conditions become

Qoo(u) = u", Qns(u) =1,

& (4.33)
Quo(u) = Qulu) = ufe Z C,(f)uk,

k=0

where a = 1,2,..., N — 1 and Q,(u) are Baxter Q-functions solving for the N — 1 sets
of Bethe roots {uy, us,...,un_1}. The QQ-relation remains the same as (4.13). All
the @-functions should be polynomial and the zero remainder conditions would lead
to systems of equations for {c,(ca)}.

Particularly, we would like to figure out the rational Q-systems for so(6) and su(4)
alternating spin chains which are useful in various contexts. The Dynkin diagrams of
the Bethe equations corresponding to these two types of spin chains are illustrated in
Figure 4.4.

O—@—0O @

u uz us u; u, u3

(a) so0(6) fundamental spin chain (b) su(4) alternating spin chain

Figure 4.4: Dynkin diagrams for s0(6) and su(4) spin chains

The s0(6) spin chain plays an important role in the context of integrability in
planar N = 4 super-symmetric Yang-Mills theory (SYM). The one-loop dilation oper-
ator in the scalar sector was calculated by Minahan and Zarembo in 2002 [3]. They
proposed that this dilation operator can be identified with the Hamiltonian of the so(6)

spin chain
L

Hsoe) = Z(Kn,n—H + 20041 — 2Ppng1). (4.34)

n=1

At each site of the spin chain, there are 6 possible polarizations corresponding to the
six real scalar fields in N' =4 SYM. Since the Hamiltonian (4.34) can be diagonalized
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by Bethe ansatz, meaning that it is integrable, the problem of finding the one-loop
anomalous dimensions of composite operators in N' = 4 SYM simplifies to solving sets
of Bethe equations. The Bethe ansatz equations for s0(6) spin chain can be read out

from the Dynkin diagram:

K - K [
1_ﬁu1,k—u1,j+z 2ul,k_u2,l_§
- _ g — i
j#k Uk — UL, b2 U e — U2y + 2
%
T Uk2 — U3 — 5

) K i K
gk + 35\ ﬁ Ugp — U1l — 5 ﬁ Uk,2 — Ujo +

i - 7 . IR
Uk = 3 =1 U2k — ULl T 5 g Uk2 — Wjo — 0, Uk — U3 + 5

Z~K

(4.35)

LU — U3t px Uk — U2p— 5
1=1]

jk Uk = U3j =1y Uk — Uyt g

The rational @-system for Bethe equations (4.35) includes a Young tableaux with four
rows \ = (L— Ky, L+ K, — Ky, Ky — K3, K3), the QQ-relation (4.13) and the boundary
conditions:

i

Quolw) = (u— H)Hu+ D)F, Qua(u) =1,

2 2
QI,O(U) = uLQl(U), Q2,0(U) = Qg(u), (436)
Ko—1
Qs0(u) = Q3(u), Qa(u) = + 3 VP,
k=0

The su(4) alternating spin chain serves a crucial role in the study of integrability
in ABJM theory, which constitutes one of the key points throughout the thesis. In
the next chapter, we will delve into the su(4) alternating spin chain in detail. Here,
we just present the Bethe equations and the corresponding rational ()-system, which
helps solve the spectrum of ABJM theory later on. From the graphical representation

of the Bethe equations, we can read off

(Ul,k + ;)L B ﬁ Up g —Upj+ 0 T o %
wp— L) ik Uik = U =y g — gy g
1= ﬁ U — U] — % ﬁ Ug,2 — Uj2 —l—z: K5 g — U3 — %7 (4.37)
(=1 U2k — Ul 5 g Uk2 — Uj2 — @ Ug2 — g+ g
<U3,k + ;)L B ﬁ Ug g — Uz j + 0 12 Uz — Uz — %
Uz gk — % N ik U3k — U3,j — 1 =1 U3k — Uz + %

The Young tableaux has four rows X = (2L — Ky, L+ Ky — Ky, L+ Ky — K3, K3), with

the following conditions on the upper and left boundary:

Quo(u) = (= )"+ ), Quolu) = (u— ) u+ ) Qi)

Q20(u) = u" Qs (u), Qs0(u) = Qs3(u), Q4 s(u) = 1.

(4.38)



5. ABJM theory and integrability

Inspired by the spectrum integrability in N/ = 4 SYM [3], another gauge theory pro-
posed by Aharony, Bergman, Jafferis and Maldacena, known as the ABJM theory [4],
also turns out to be integrable in the planar limit [5]. In this chapter, we review
the setup of ABJM theory and investigate its spectrum integrability through the un-
derlying su(4) alternating spin chain. We exhibit the procedure for constructing the
eigenvectors in the scalar sector of ABJM theory and briefly introduce the duality at

last.

5.1 Field theory setup

The ABJM theory is a Chern-Simons-matter theory in three dimensions with gauge
group U(N); x U(N)_; at Chern-Simons levels +k. The action of the ABJM theory

in the SU(4)g invariant component form is given by [27]

S :4]; / B lEWA Tr (A#aVAA + %AMVAA - A0,45 - e

’ N

5.1
+ Te (DY D"Y A 4 i D, ) — Vieemn — Vbosl : o
with the potential terms
View = 3T (YIY 49205 — YAV Ju™® + 2¥ Ay fa
oV iy Byt + ABOPY Y, — eABCDYAlpTBYCz/JTD), (5.2a)
Vios — —112 T (YjYAYgYBYgYC FYAYIYBY YOy
vy PY YAy e - 6YAYgYBYjYCYg), (5.2b)
where the indices A, B,C' = 1,2,3,4. The covariant derivatives are defined as
DYA=0, YA+ AYA—-YAA,  DYI=0,YI+AY]-Y]A, (5.3)

The field contents in the action (5.1) include gauge fields A, and flﬂ transforming in

the adjoint representation of the groups U(V); and [AJ(N )_k respectively, along with

31
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four complex scalar fields Y4 and Weyl spinors 14, both in the bi-fundamental rep-
resentation of the gauge group U(N); x U(N)_,. The gauge structure of the ABJM
theory can be represented by the quiver diagram shown in Figure 5.1, where the ar-
rows indicate the gauge group representations of the various fields, pointing from a

fundamental to an anti-fundamental representation.

Y4, yy

AHM n Au

Yj, WTA

Figure 5.1: Quiver diagram of ABJM theory. The arrows indicate the repre-
sentations of the fields under the gauge groups. The arrows are drawn from a

fundamental to an anti-fundamental representation.

There are two parameters in ABJM theory, the Chern-Simons level k£ and the
rank of the gauge group N. Since the level k is an overall factor in the action, giq = %
plays the role of coupling constant. Besides, the level £k must be an integer, as required
by the gauge symmetry [28]. For k& > 1, the ABJM theory is weakly coupled and
can be treated using perturbation theory. Particularly, the ABJM theory becomes
integrable in the 't Hooft (or planar) limit [5,29,30], realized by a small coupling and

a large number of colors:

N
N — o0, k — oo, with T fixed, (5.4)

which introduces the effective coupling A = g&¢ N, referred to as the 't Hooft coupling.

For infinite IV, k and finite \, essentially A is continuous.

5.2 Global symmetries

As mentioned above, the action of the ABJM theory possesses a global SO(6)r =
SU(4) g symmetry, known as the R-symmetry, which is a symmetry of the superalge-
bra itself. The fields YA,¢L and Yj, 14 transform as the 4 and 4 representations of
the SU(4)g respectively, ensuring the scalar and fermionic terms in the action (5.1)
are invariant under both gauge and R-symmetry transformations. This symmetry is
essential for the supersymmetric nature of the theory and affects the supersymmetry
transformations and the form of the action.

For the spacetime symmetry, the ABJM theory is invariant under Lorentz trans-

formations and spacetime translations, which constitute the PoincarA© symmetry.
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Furthermore, incorporating the symmetries under scale transformations, the ABJM
theory exhibits the 3-dimensional conformal symmetry Sp(4) = SO(2, 3).
The action (5.1) is also invariant under the ' = 6 supersymmetry (SUSY) trans-

formations:
YA =iwByp, (5Yj = ip"Pwag,
2
0pa = —'wapD, Y + % [_WABO/CthyB - YPYly©) + QWCDYCYXYD} )
2
Syt =D, Y wAByr 4 % (VA OYd - VY Oy wt® + 2y y Ay iwC?] (5.5)

(e

(Y T 0 + wAPy,paY]),

e
6Au :E(_'@ZJATYB’VMWAB + WAB/VMY,:{'@DB)a

5A,

A

where w48 and wyp are SUSY transformation parameters and anti-symmetric in spinor

indices AB, given by
wap = (') ap, wAB = g;((T")*)45, (5.6)

Six (2 + 1)-dimensional majorana spinors ¢; are generators of N’ = 6 SUSY. And we

have the following relations for I' matrices:

{Fi, Fﬁ} = 204, (T")ap = —(T") as,

L aBcDy it\AB iyk\AB (5.7)
SeAPOPTL, = —(HAP = (1)) 42,
Hence the SUSY parameters satisfy
1
(W), = (Wi5)es WAB = ZABCD, (5.8)

Together with the R-symmetry, the SUSY transformations (5.5) significantly restricts
the possible interactions in the theory. Moreover, the SUSY plays a crucial role in the
cancellation of certain types of anomalies and quantum corrections.

The representations of the ABJM field contents under the gauge and global
symmetries are collected in table 5.1. The global symmetries, including SU(4)r R-
symmetry, SO(2,3) conformal symmetry, and N’ = 6 supersymmetry generators &;,
combine into a larger symmetry group, the ortho-symplectic supergroup OSp(6]4)
[31-33]. In this sense, the ABJM theory is a N' = 6 superconformal theory.
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UN) U(N) SU@r SO(2,1) U(a U1
y4l N N 4 1 1 1
yi4l N N 4 1 1 -1
Ya | N N 4 2 1 1
P4 N N 4 2 1 -1
Ar | adj 1 1 3 1 0
Ar |1 adj 1 3 1 0

Table 5.1: Field contents of ABJM theory and representations carried by the
fields under the gauge symmetry, the R-symmtry, the Lorentz group SO(2,1). As

well as the conformal dimension A and the baryonic charge U(1)y.

5.3 Correlation functions

The presence of conformal symmetry in the ABJM theory strictly constrains the form
of correlation functions. The one-point function of a scalar operator (O(x)) should
be constant due to the translations invariance. Furthermore, the operator O(z) must

transform appropriately under the dilation:
T — Az, O(z) — \2O(\x), (5.9)

where A is the scaling dimension of the operator O(x). For the one-point function, the

scaling invariance implies
(O(z)) = (O(Az)) = A"3(O(2)). (5.10)
To satisfy (5.10), the one-point function must vanish
(O(x)) = 0. (5.11)

Similarly, the two-point functions are completely fixed by the conformal symme-
try. The translation and rotation invariance imply that the two-point functions can

only depend on the distance between the two points, namely
(O1(2)OY(y)) = f(lx = yl) = f(r), (5.12)
where f(r) is an arbitrary function. The dilation invariance requires
fOr) = X882 f(r) (5.13)

holds for any A. Thus, we have

C
) =~ (5.14)
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where C'is a constant. Additionally, the two-point functions should transform correctly
under special conformal transformations, leading to the non-vanishing condition A; =

As. Finally, we see that the two-point functions are fixed up to a constant

OO = 2 (.19

Actually, all correlation functions in a conformal field theory are fixed in terms
of the so-called conformal data (A, \). Here, A represents the conformal or scaling
dimension of the operator, as previously mentioned. And A (distinct from the param-
eter in the dilation) is the structure constant that appears in the operator product

expansion (OPE):

5110 Aijk

Oi(l’)oj (y) =

d(z —y,0,)Ok(y), (5.16)

DD vy

|z —

where the sum runs over conformal primary operators and the differential operator d
accounts for the presence of conformal descendants. Following from the OPE (5.16),
the three-point functions are fixed up to the structure constant A;;;. Moreover, all
higher-point functions can be determined by repeatedly using the OPE (5.16), which

leads to their factorization into a sum of two-point functions.

5.4 (Gauge invariant operators

Since the gauge symmetry of ABJM theory is U(N) x U(N), the scalars and gauge
fields transform as
YA - UuyATt, A, = UA U —iU8,UT,

) A (5.17)
Yl — UYUT, A, = UA,U" —iUd,U",
where (U,U) € U(N) x U(N). For spinors, there are similar gauge transformations.
We aim to construct gauge invariant operators because only the correlation functions of
these operators are physically observable. There are several classes of gauge invariant
operators. The simplest examples of such operators are single trace operators, taking

the following form

O ="Tr (X, X[ X, x| X, X)), (5.18)
where Xy, are any fields that transform in the bi-fundamental representations (N, N )
of the gauge group, while X5, represents fields in the anti-bi-fundamental representa-
tions (N, N). Moreover, we can build gauge invariant multi-trace operators by taking
products of such single trace operators (5.18). We observe that maintaining gauge

symmetry requires an alternating sequence of fields within the trace. Therefore, at
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odd sites we can have any of the 45 + 8 fields Y4, 1 4,, while at even sites any of the
4p + 8 fields Y);,QﬁLA can reside. Additionally, any number of covariant derivatives
D, s can be introduced to act on the fields.

We will work in the scalar sector of ABJM theory, and gauge invariant composite

operators can be built with these scalars in the form
O =i B (vAy] YAy Ly Ay ), (5.19)

L

© is invariant under cyclic permutations of the sequence

where the coefficient \Iljji:jjf
{A1,By,..., AL, By} due to cyclic property of trace. The operator O can be seen as a

SU(4) alternating tensor in (4 @ 4)®L.

5.5 Spectral problem

The spectral problem in a conformal field theory involves finding the spectrum of
conformal dimensions. The classical or bare dimension Ay of a composite operator O
can be obtained by standard power counting. However, conformal dimension A can
receive quantum corrections, implying that A depends on the coupling constant in
general. The corrections v = A — A is called the anomalous dimension by historical
reasons. The dilation operator D measures the dimension A of a composite operator

O by the eigenvalue equation

DO(z) = AO(x). (5.20)

It plays an important role in the spectral problem. The eigenvectors of D are good
conformal operators with definite conformal dimensions. We will see that the anoma-
lous dimension of the operator O arises in the perturbative expansion of its two-point
correlation function.

The two-point function at quantum level, by the conformal symmetry, still takes

the form (5.15), but with A expressed as a power series in the coupling constant A

AN = i AZRAM), (5.21)

n=0

For small coupling, v < Ay, expanding A(A) in the two-point function, we have

(O(z)Of (y)) = 1= A2AW log(A%[z — yl) + O(NY)) (5.22)

@ — g2 (

where A® is the anomalous dimension at leading order. Since the interactions in
ABJM theory are of types Y¢ and Y292, the lowest quantum corrections to the scaling
dimension come at two-loop order. Here, A is a renormalization scale with dimension

of mass, introduced to ensure that the logarithm is dimensionless. From (5.22), we see
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that quantum corrections to the two-point functions of local composite operators are
manifested through the coupling dependence of scaling dimensions.
Let us investigate the spectral problem in the scalar sector of ABJM theory. For

a general operator composed of scalar fields
Opbgk = te(YM YR YAy o vAry) ), (5.23)

the two-point function (O;(z)O (1)) at tree level does not receive quantum corrections,
meaning that it only depends on Ay. There are three types of tree-level Feynman

diagrams contributing to the two-point function, as shown in Figure 5.2. We can

il

Figure 5.2: Tree-level diagrams contributing to the two-point function

(a) (©)

evaluate these diagrams by contracting scalar fields with the propagator
" . 16456%40%
(Y 4(@) o (YEW)) ) = -

ey (5.24)
where a,b,c,d = 1,2,..., N are color indices and A, B are flavor indices. The contri-
butions from diagrams a and b are proportional to N% since every two propagators
give a factor §405096% = N2. While for the diagram c, such contractions swap the order
of two of the propagators, making it proportional to (N?)X~1. Hence, the contribu-
tions from non-planar diagrams such as ¢ are suppressed in the 't Hooft limit. It is
straightforward to calculate the contributions from diagram a and c. The result is

2L
A ,...,A B,7---7B/ A A A B’ B’ .
<(’)Bin£(’)T ,1A§> = E—e <6A’11 e 6A,2531 ...0pr + cyclic perm.) . (5.25)

We see that the classical dimension of composite operator (5.23) is Ay = L, consistent
with the power counting.

To find the anomalous dimension, we can first calculate the two-point function at
loop order and then extract the logarithmically divergent pieces from it. In the N' = 4
SYM theory, the dilation operator can be read off from the two-point function under
a specific renormalization scheme [34]. Alternatively, in ABJM theory, we can obtain
the dilation operator by studying the one-point functions of the composite operators

(5.19). The divergences due to quantum corrections require the renormalization

oren = Z b\, N)Oope, (5.26)
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where matrix Z cancels the appearing divergences and implies there is a mixing of
different bare operators. The operator mixing matrix I" describes how the basis (5.23)
transform under the renormalization and can be viewed as the matrix representation
of the dilation operator, which is given by

dZ
dln A’

The two-loop renormalization in the basis (5.23) was studied in [5,30] and the dilation

r=2z"1

(5.27)

operator in the planar limit is given by

)\2 2L
I's100p = 5 Z (2—=2P 100 + PsaKip1 + Ky Prysa) - (5.28)
=1

Now the spectral problem of anomalous dimension translates to diagonalizing the
dilation operator. The set of basis (5.23) forms a tensor product space Vi @V2®...@ V]
with V,, = 4 ® 4, on which the dilation operator acts. And the eigenvectors of the
dilation operator generally are linear combinations of single trace operators, taking the

4%l Thus, for large

form (5.19). The dilation operator in this basis is a matrix of size
L it is hard or impossible to diagonalize it directly. Fortunately, the dilation operator
(5.28) can be identified with the Hamiltonian of the SU(4) alternating spin chain, where

the spectral problem can be solved using integrability technique, e.g. Bethe ansatz.

5.6 SU(4) alternating spin chain

The Hamiltonian of the SU(4) alternating spin chain is exactly same as the dilation
operator (5.28), where permutation operator P and trace operator K acting on C*® C*

are defined by

4
Pyli) ®15) = 17) @ ), Kijli) @ [5) = di5 D [k) @ k). (5.29)
k=1
The spin chain shown in Figure 5.3 has two types of lattice sites, where spins at odd

sites and even sites sit in the 4 and 4 representations of SU(4) group respectively.

Figure 5.3: su(4) alternating spin chain
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Since the scalar fields Y4, Y;{ in ABJM theory transform as the fundamental and
anti-fundamental representations of SU(4) R-symmetry group, we can map these fields

to the spins
YA |A), Y} — |B), (5.30)

where bars are used to distinguish odd and even sites. Then, the composite operator

(5.23) can be mapped to a state in the Hilbert space of the spin chain
tr (YAYE YY) s |AiBiABy ). (5.31)
Therefore, we can diagonalize the dilation operator (5.28) within the spin chain frame-

work by utilizing the Bethe ansatz, which was detailed in the previous chapter.

5.6.1 Eigenvalue

The Bethe ansatz equations for the SU(4) alternating spin chain are given by (4.37),

and we rewrite it as

, Uk + 5 b K s
= v = (58) 1 st 1T S,
U — b} ;;i j=1
. Kw Ku ~ Ky ~
1 =€ = [ S(wg, wy) [[ S(wr, uy) [T S(ws, vy), (5.32)
=1 j=1 7=1
ik
v + i\ L Ky Kw
Vi — 9 j;i j=1
J

where the S-matrices are the same as those in (3.67), and we introduce the functions
¢ for later use. Through the rational-@) system (4.38), we can solve these coupled
equations efficiently. The two-loop anomalous dimension of the conformal operator

(5.19) equals to the energy eigenvalue

e Y (5.3)
A—L=)\ + ) 5.33
k:1“i+i k:lvl%""i

5.6.2 Eigenvector

The eigenvectors of the dilation operator are identified with the energy eigenstate of
SU(4) alternating spin chain, which can be constructed by the nested coordinate Bethe
ansatz (CBA). There are 4 possible states at each site of the spin chain while the odd
and even sites should be distinguished. Each scalar field in ABJM theory is mapped
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to a specific combination of the Bethe roots as follows:

Vi) =le),  Yie[2)=ls), Yie[3) =), Vi [d)=]e),

(5.34)
w w

Yie D) =o), Yiw[2)=lo), Y{=Pi=l0), Y= 4)=]o)
Here, we choose |Q) = |[14)F as the vacuum state, corresponding to a chiral primary
operator Oy = tr[(Y2Y,)E]. Tt is easy to see Oy is symmetric under any permutation
P;;+o and vanishing under any trace Kj;4;. Thus, Oy is the ground state of the
dilation operator (5.28) with zero anomalous dimension. Moreover, the chiral primaries
in ABJM theory are those in (5.19) with symmetric and traceless \Iffi”::::ff. Their
conformal dimension are protected from quantum corrections by the supersymmetry.
To construct eigenvectors, we initially distribute the Bethe roots {u, w, v} to the

sites of the spin chain in a specific manner:

1. Distribute the momentum carrying roots {uy,...,uk,} and {vy,..., vk, } to the
vacuum state |e1,0q,---ep, 0r). Either a single root u; or a pair of roots ujv;
can be placed at odd sites. Likewise, a single v-type root or two roots of uv-type

can be assigned to even sites.

2. Distribute the auxiliary roots {wy, ..., wg,} to the sites that contain roots u or

v. Each root wy can be allocated to the top of either u,v or uv.

3. Distributions with configurations not listed in (5.34), such as |'® ) which does not
correspond to any of the fields, are set to zero.
Following this procedure, the possible configurations at site-n are given by

Ug up UkYj v U URYj

Sop_1 € {07 o o o | Son, € {o7 0,0, o} (5.35)
Any possible distribution is denoted by
S= {81782,...,SQL_1782L}. (536)

All the distributions § form a set of basis vectors |S). Any eigenvector is the linear

combination of these basis vectors

lu,w,v) = Ug(u,w,v)|s), (5.37)
where U represents the wavefunction of each distribution. It takes the following general
form:

2L
Us(u,w,v) =S x [] ®(sn). (5.38)

n=1
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Single-site wave functions ®(s,,) with at most one Bethe root are given by

B(e,) = Do) =1,  B(e:) = (Z: f 2) L D) = Cﬁf?) . (5.39)

and ®(s,) with two Bethe roots are

o 2\" ~1
o8 = (2) wutuls)
T Wi (5.40)
CID(;;’“Z): <Uk+;.>n><1p(w |2;) % L :
vk — & T wi— o =4

where ¢(w;|z;) indicates that wavefunctions (5.40) depend on the Bethe roots at other

sites. The explicit form of ¢ (w|z;) is

)

lwlzy) = [[—2 T2, (5.41)

R

and z; denotes all the momentum carrying roots located at sites to the left of the site

containing w. Similarly, ®(s,) with three Bethe roots also depends on z;, given by

‘I)(u::ij) - <Uk+;>n<vj+;>n X P(wi]2) X o~ 3) -

ur =3/ \% —3 (wi —up — 3)(w; —vj — 3) (5.42)
<I><";:ij) = (uk i ;.> (”j - 5.>n X b(wi]2) X et ) .

Uk —3/) \% ~3 (wi —up — 3)(w; —v; — 3)

Now, the single-site wavefunction ®(s,) for all eight types of configurations in
(5.35) has been determined. The remaining task is to determine the factor S in (5.38),
which is a product of S-matrices (3.67). The factor S accounts for the reordering
of Bethe roots into the canonical order, namely the same order as {uq,us, ... ux},

{v1,v9,... v} and {wq, we, ... w}.

5.6.3 Norms and Gaudin determinant

The normalization problem involves the norm of Bethe states. The Gaudin conjecture
points out that for any integrable spin chains, the norm of Bethe states is proportional

to the determinant of the Gaudin matrix [35]. The Gaudin matrix is defined by

(5.43)

where the function ¢ is the logarithm of Bethe equations, as introduced in (5.32). And
Uq,; is an element in the a-th set of Bethe roots. Thus, the Gaudin matrix in general

is a block matrix.
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For the SU(4) alternating spin chain, the Gaudin matrix is a 3 x 3 block matrix
with a total size of (K, + K, + K,) X (K, + Ky, + K,):

aui qu‘j 8111 ¢wj aul ¢vj
G = 811)7, ¢Uj 8’11)1' ¢wj awi ¢Uj * (544)
8111' (ij avi ¢wj avi ¢vj

We see that the Gaudin matrix would be large even for small (K,, K, K,). However,
if the Bethe roots {u, w, v} are parity-symmetric, the determinant of the Gaudin ma-
trix (5.44) factorizes into the determinants of two sub-matrices. This factorization has
already been observed in the SU(2) Heisenberg spin chain when studying the integra-
bility in N' =4 SYM [36]. We will see this factorization in ABJM theory later. The
norm of the Bethe states (5.37), as conjectured in [37], is given by

u,w,vjiu,w,v) = M : M : M :
oot = (11538 (5635) (W5e) 545

1<j v 1<j 1<j

X (1;[ 8@491(103-)) <1;[ &Jpl(vk)) det G,

with

U—vV—1 1 U+ = -1
—_— p(u) = = log 2 Oup(u) =

u—v+i i u—i u? +

The conjecture for the norm (5.45) can be tested in the specific case. For the parity-
symmetric Bethe states which satisfy P|u, w,v) = |[u, w, v), the norm formula simpli-

fies to

<

[K

=
c

(e~
L (o + 5)(w

(u,w,vlu,w,v) =

1 2
(u§+4> det G. (5.47)

1
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5.7 Duality

The AdS/CFT correspondence proposed by Maldacena in [6], indicates that the bound-
ary of an anti-de Sitter space can act as the spacetime for a d-dimensional conformal
field theory. And this CFTy is exactly equivalent to the gravitational theory in the
bulk of the AdS,.1 space, suggesting a correspondence where every entity in the CFT
has a counterpart on the gravity side (and vice versa). There are several examples of
the AdS/CFT correspondence; for instance, N' = 4 SYM theory in four dimensions
is equivalent type IIB string theory on the product space AdSs x S°, referred to as
AdS5;/CFTy. The integrability in planar N' = 4 SYM theory is manifested through
the classically integrable string world-sheet model on the string theory side [38, 39].
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Specifically, the dilation operator in the CFT can be mapped to a Hamiltonian of a
spin chain, whose integrability mirrors that of the string sigma model in AdS space.
Thus, integrability aids in computing these spectra exactly on both sides, providing a
powerful check of the duality.

Another example of the AdS/CFT correspondence is AdS,/CFTj [4]: the ABJM
theory is gravitational dual to M-theory on AdS,; x S7/Z;. In other words, ABJM
theory describes the world-volume theory of a stack of N M2 branes moving on the
orbifold C*/Zy. In the 't Hooft limit (planar limit), where k and N grow large with
equal powers, we have k° > N and hence M-theory is approximated by weekly coupled
ITA string theory on AdS, x CP?3 background. The string coupling constant and tension

are given by:

N 1/4 )\5/4 R2
gs ~ (k:5> - N o ATV2A, (5.48)

where R is the radius of CP? and twice the radius of AdS,. We see that both the
string theory and the field theory are controlled by only two parameters k£ and N. As
discussed in [7,8], planar integrability was established for the dual string sigma model,

which provides an intuitive understanding of the origin of integrability in CFTj.



6. One-point functions in defect
ABJM theory

As previously discussed, correlation functions in a conformal field theory (CFT) are
significantly constrained by conformal symmetry. In particular, one-point functions
must vanish due to symmetry arguments, see Eq.(5.11). However, we can introduce a
defect in the spacetime of a CFT, which leads to several novel effects. The presence
of defects can break conformal symmetry and affect the correlation functions. We
consider a flat co-dimension 1 defect that acts as an interface, as depicted in Figure 6.1.
This interface allows some of the physical modes to propagate while blocking others.
Furthermore, it reduces the conformal symmetry by one dimension and necessarily

breaks some of the supersymmetry as well.

Figure 6.1: A co-dimension-1 defect in the spacetime of a CFT

In such a defect CFT, one-point functions and two-point functions of operators
with unequal conformal dimensions are less restricted and hence become non-vanishing.

Specifically, one-point functions are now fixed up to a constant C' [40]

(O1(x)) = o, (6.1

where z denotes the distance from z to the interface. And two-point functions are no

44
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longer proportional to a delta function:

2
(O1(2)O0,(y)) = Z]Zjii)f §= ‘xélz ZZ’A

, (6.2)

with the conformal ratio £&. Additionally, correlation functions involving bulk and
boundary fields emerge.

A defect version of ABJM theory with a co-dimension 1 defect can be built by
introducing a domain wall on which Nahm pole boundary conditions are applied to cer-
tain field components. This defect ABJM theory is holographic dual to a string theory
with D2-D4 probe brane system, referred to as the AdS/dCFT correspondence. The
defect, as well as its holographic dual description, can be identified with an integrable
boundary state in the Hilbert space of underlying spin chain. Consequently, overlaps
between these integrable boundary states and Bethe eigenstates encode the one-point

functions, demonstrating that integrability is preserved in this setup.

6.1 Supersymmetric defect in ABJM theory

The domain wall in a field theory separates regions of different vacuum configurations.
It is described by the classical scalar-field profile and can be viewed as an interface
where scalar fields transition from one vacuum configuration to another in this interface.
There exists super-symmetric domain walls with certain boundary conditions, which
preserve a fraction of the original supersymmetry. In ABJM theory, the domain wall
described by Nahm pole boundary conditions preserves half of the supersymmetry
and hence is named the 1/2-BPS domain wall. The Nahm pole boundary conditions
are solutions to the Nahm’s equations, which can be derived by rewriting the BPS
equations.

We first derive the BPS equations by minimizing the energy functional and then
use supersymmetry arguments to demonstrate that they indeed preserve half of the
supersymmetry in ABJM theory. The bosonic part of the Lagrangian of ABJM theory
follows from (5.1):

A

k Y 2 a2 N
L :Etr lg“ A (AuéyAA + gAHAVAA —A,0,A\ — 3AMAVAA>

1 1
+ D, YID"YA EYAYQYBYgYCYg + EYAYgYBYgYCYj (6.3)
1

1
— 5YAYgYBYgchg + gY“‘Yg,YCYgYBYg -+ fermions] .
And the energy functional of scalars reads

k
E- / datr (D, YID"Y 4 Vios) | (6.4)
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with the potential energy Vi give by (5.2b). The energy of a BPS configuration takes
the absolute minimum value within its topological sector. Thus, we aim to re-express
the energy functional (6.4) as a total square plus a total derivative and then require
the total square to vanish. Although the potential V},. is not a total square in general,
it turns out that V.5 can become such if we consider a configuration with only two of
the scalar fields Y4 being non-zero. We choose Y!, Y4 as the non-zero components for
later convenience, collectively denoted by Y.

Contracting YO]L Y‘syﬁJr YEYWT Y% with the Levi-Civita tensor e**Ves.,,, which is al-
ways zero for 2-dimensional indices «, 3,7,9,e,w = 1,4, we establish the following

identity:
Y YOYIYeviyYr =3 V) YYIyevivy — e Vivivjyovive
(6.5)
— e YIVeviyPviv,

which implies that there are only three kinds of independent tensor structures in the

potential term

1 1 1
— ayty By T T ay Ty B T ay Ty B |
Vbos = Y YIYYGY YT 4 VY)Y Yyl - FV vy YY"y, (6.6)
Along with
tr [ DYV YJY?)| = tr [Du (YY) YJY? + YIveD,(viy?)] .
6.7
=2t [ D (VY *)yjy?].
we can rewrite the energy functional as
k T Uy o 1 Tva Ty B 1 av T Byt
E= a/dwtr DYDY = S DL (YIY)YJY? + YYD, (Y]
. | (6.8)
+ Vbos + ZDM(YJYaYﬁTY/B) - 4DM(YOCYJY’BY5)‘| .
Then, it can be expressed in a modulus-squared form
k dyj 1 1
o L e A G AR A G !
an ) r( de 2°° ot 2 “ p
dy* 1 1 (6.9
X ( i iYaYgYﬁ + 2Y5YBTYQ> + total derivatives.

where covariant derivative D, reduces to 9, by a specific gauge choice and =z = x5
because we assume Y*=Y*(x5). To ensure that the energy functional takes the smallest
value, we set the total squared term to zero, which leads to the BPS equations

ay* 1

1
—ZYevive 4 ZyPylye — 0. 6.10
dr 2 st 2° P (6.10)
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The solutions to the BPS equations are consistent with the equations of motion of the
scalars. Hence, these solutions describe a BPS domain wall.

To explicitly see that the BPS equations (6.10) preserve half of the supersymme-
try, we can re-derive them from the SUSY transformations (5.5). Here we still assume
that Yo = Y(z,),Y3 = Y* = 0, along with

2 2 2 2
VW12 = W12, VW34 = W34, Y Weip = Wiy Y Wi = — Wi (6-11)

where wap are SUSY transformation parameters defined in (5.6) with a = 1,2 and
b = 3,4. The condition (6.11) implies, for instance, wis = wi,. Thus, there are only
three independent w4 p, resulting in the SUSY transformation (5.5) coinciding with the
usual N' = 3 SUSY transformation. The BPS condition reads 104 = 0, whose solutions
will preserve 6 supercharges, namely half of the original supersymmetry. Under the
choice (6.11), the SUSY transformation for ¢» becomes

dy' 2
Tt (Y YY)~
X2
V? o (6.12)
d$2 + ? (Yly';ryﬁ o YQY'lTyl) — 0’
or collectively
dy® 2
= —%(Yﬁygya —yeviy?), (6.13)

which will be exactly same as the BPS equations (6.10) after re-scaling the fields. Now
we see that the solutions to (6.10) indeed correspond to a 1/2-BPS domain wall.

6.2 1/2-BPS solutions and Nahm’s equations

Let us find the solutions to the BPS equations (6.10). The solution for the half-space

z > 0 takes the form S

ﬁ)

where S sit in the bi-fundamental representation (N, N) of the gauge group and satisfy

Y9 x) = x>0, (6.14)

the following algebra
St = 52878t — 5152 g? (6.15a)

S2 = §1§Mg? — g25Mgt, (6.15b)

With the U(NV) x G(N ) gauge symmetry, we can always diagonalize S? by the gauge

transformation (5.18), and hence we take

(5%)ij = idiy, (6.16)
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where «; is a real and non-negative number. Without loss of generality, we can assume

a1 < ay, facilitating the formulation for diagonal S%. Then, equation (6.15a) gives
(81 = (af = a2) (SY)y, (6.17)

which implies (S*);; = 0 if of —a} # 1. Thus, S* is block diagonalized if of — a7, =1

and o — oz? # 1 when j # i + 1, where we can assume

(SY)i; = Bids 1, i,j=1,---,N. (6.18)
With (SY(S)1);; = 0;5;(8:)% and ((S1)1SY);; = 6;;(Bi-1)?%, equation (6.15b) reads

(82— 521) 0s = s, i=1,...,N. (6.19)

For convenience, we set ay = 0 and 5y = 0. Then, equation (6.19) implies 55 = 1

when ¢ = 1. Therefore, we conclude that
(Sl)ij — 51'7]',1\/;, (SQ)Z‘J' — 51']' V N - i, Z,j - 1, ey N (620)

These solutions, combined with (6.14), is the BPS solution for x > 0.
We consider a configuration where we take i = 1,...,¢q —1and j = 1,...¢q in
(6.20), assuming ¢ < N. This configuration still satisfies 1/2-BPS equations and serves

as the classical solution for the scalar fields, given by

1 S¢ 0¢,— _
Yo(z) = — [ Plabxa  FlamhxNma ) o s, (6.21)
\/E Ov—g+1)xq  ON—g+1)x(N—g)

And all other fields, i.e. Y3, Y4, gauge fields and fermions vanish classically. In other
words, for x > 0, the gauge symmetry breaks down to U(N — g + 1) X fJ(N —q)
due to the non-zero part of Y% and the symmetry will restored to U(N) x U(N) as
x — 00. In the other half-space z < 0, to maintain consistency, the gauge symmetry
is taken to be U(N — ¢+ 1) x U(N — ¢). All fields in this region transform under
the representations of this symmetry group and possess vanishing classical solutions.
Consequently, this defect field theory setup define a domain wall version of ABJM
theory, as shown in Figure 6.2, where the domain wall breaks the SU(4) symmetry of
scalar fields to SU(2) x SU(2) x U(1).
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(w0, 1)
UN —g+1)x UN —q) U(N)x U(N) for z3 — 0o
o _ S a_ L ((S)g-nyxq 0 . _
Y; _07 2—172,3,4 Y;, 7\/:”*2( Oql a 0 ,271,2
Yéd:Y:fl:O
T2

Figure 6.2: The domain wall version of ABJM theory [41]

Equivalently, the domain wall can also be described by Nahm pole boundary
conditions [42], which solve Nahm’s equations [43]. In fact, Nahm’s equations describe
super-symmetric domain walls in 4D [44] and play a significant role in the parallel
studies of defect N/ = 4 SYM [45]. We aim to demonstrate that the BPS equations
(6.10) are equivalent to Nahm’s equations, in the sense that they represent a square
root of Nahm’s equation.

Defining the composite field with (¢ — 1) x ¢ dimensional scalar fields Y
5 =YY, (6.22)

we can combine the BPS equation (6.10) and its conjugate into a single equation

dd“s o 1 o
W — (b ,y(bfyﬁ - 5 {@77, (b 13} . (623)

Furthermore, expanding the composite field ®*3 in the (o, 1) basis,

P = Plogy + oG, (6.24)
the equation (6.23) simplifies to

o' _ L ik [@j’q)k] 7

% 2 (6.25)

dx ’
where the first equation is the Nahm equation. It is easy to find the simplest Nahm-pole
solution: i

Pl = — 6.26
- (6.26)

with ¢ satisfying the su(2) algebra. Since ® is of size (¢ — 1) x (¢ — 1) by the defini-
tion (6.22), t' form a (q — 1)-dimensional representation of su(2). Hence, the Casimir

operator 'd’ = q(qT_Z)]I. Then, we find the solution for the singlet component

I
o= 57; (6.27)
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The same arguments apply to the dual bi-linear

A

3,7 =YIY? = ;0% + 04,7 (6.28)
For which, the BPS equation can be reformulated as Nahm’s equation:

dd; i . s
= —€ijk[ Py, Pil,

CZ;(% 2 (6.29)

=
Similarly, it is straightforward to find the simplest Nahm pole solution

A

“ t;
(I)i =

x (6.30)
$— (¢ — 1)]1_

2x

Notice that in this case #; form a g-dimensional representation of su(2), instead of
(¢ — 1)-dimensional, because the dual bi-linear ®,7 is of size (¢ x ¢). We can check
the Nahm pole solutions (6.26), (6.27) and (6.30) are consistent with the BPS solution
(6.21), implying that they do correspond to a 1/2-BPS domain wall. The simplest

Nahm pole solution arises when ¢ = 2, given by

1 (6%
; 6.31
b8 _ lyx200” — 030,030 (6:31)
(0% 23’; )
here we choose the representation #; = o005 for consistency. With the classical
solution (6.21) for ¢ = 2, we explicitly find
(0 0) (0 0
1{10 1(\0 1 L0
Yoy) =~ , Vive =2 (6.32)
xr\0 1

Tl G

which is exactly consistent with the Nahm pole solution (6.31).

6.3 String theory description

As mentioned before, planar ABJM theory describes the world-volume theory of a
stack of N D2 branes in type IIA superstring theory. This holographic duality can
be deformed by introducing defects (probe branes) on the field theory (string theory)
side. The defect version of ABJM theory with a 1/2-BPS domain wall, constructed in
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the previous section, has a dual string theory description where a D4 probe brane is
embedded in the type IIA background AdS, x CP?. The resulting D2-D4 probe brane
system consists of N coinciding D2-branes and one single probe D4-brane inserted

among them. The relative orientation of the branes is shown in Table 6.1.

To | L1 | T2 | X3 | Xy | Ty | g | X7 | g | X9
D2| e | o | @

D4 | e o | o o | o

Table 6.1: D2-D4 probe brane system in ten-dimensional string theory background

The probe brane system has the geometry AdSs x CP' and carries ¢ units of
world volume gauge field flux on the CP'. Tt preserves half of the supersymmetry in
the string theory [46], namely it is 1/2-BPS, which is consistent with the domain wall
in ABJM theory. In fact, integrability of the string boundary conditions on the probe
D4-brane within the Green-Schwarz sigma model was checked in [12], which suggests
the ABJM domain wall is integrable to all loop orders and for any value of the bond
dimension.

This is not surprising, since similar results are obtained in AdS;5/CFT,. The D3-
D5 probe brane setup describing N = 4 SYM with a supersymmetric domain wall was
studied in [9,10,36], where the investigation of tree-level one-point functions has uncov-
ered notable signs of integrability and enabled a test of the AdS/dCFT correspondence
at classical level [47]. Furthermore, at quantum level the study of one-loop one-point
functions has provided a positive test of the AdS/dCFT correspondence [48,49]. What
is more, there exists a probe brane setup that breaks all supersymmetry of N' = 4
SYM, known as the D3-D7 brane setup, which comes in two variants. In one variant,
the D7-brane has the geometry AdS, x S* [50]; in the other, it is AdS, x 5% x S? [51].
The former setup exhibits SO(5) symmetry, while the latter one displays SU(2)xSU(2)
symmetry. The one-point functions were evaluated for the SO(5) D3-D7 setup in [52],
including those of non-protected operators. And the boundary integrability in this
dCFT was proved in [53]. However, so far, for the SU(2)xSU(2) D3-D7 setup, only
tree-level one-point functions of chiral primaries have been calculated, and these cal-
culations were consistent with string-theory predictions [54].

Finally, it is worth mentioning that integrability in the context of the AdS/CFT
correspondence has been studied for other duality configurations involving D7-branes.
These include a D7-D3 probe setup with the geometry AdSs x S? [55-57], and a DT-
O7-D3 setup which involves an orientifold plane [58-61].
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6.4 Integrable boundary states

Now we focus on the one-point functions in the 1/2-BPS domain wall version of ABJM
theory. At tree level, the one-point functions of composite operator (5.19) can be

evaluated by inserting the classical solution of scalar fields (6.21):
1
(O(2))tre0 = ?L\pﬁ;;;ﬁg tr(S4SE, S48k, ... SASE ). (6.33)

The coefficients \Ifﬁijzzﬁi ensure that the operator O(z) is an eigenstate of the dilation
operator. With the underlying integrable quantum spin chain in ABJM theory, \Ifﬁijjfi
can be determined by Bethe ansatz method as analysed in section 5.6.

Alternatively, we can calculate the one-point functions exploiting the integrability
of the domain wall. Since the domain wall preserves half of the supersymmetry, it
turns out that such super-symmetric defects possess integrability, which is manifested

through the corresponding integrable boundary state in spin chain picture.

6.4.1 Definition

There is no rigours definition for the integrable boundary state. One possible definition
of the integrable boundary state was proposed by Piroli, Pozsgay, Vernier in 2017 [62],
which is inspired from the definition of boundary states in quantum field theories [63].
They suggested that an boundary state |¥) is integrable if it is annihilated by all local

conserved charges of the model that are odd under space reflection:
Qorr1|¥o) =0, k=1,2,.... (6.34)

The integrability condition (6.34) is equivalent to another integrability condition using

the transfer matrix 7'(u) that generates the set of conserved charges
T (u)II[Wo) = T'(u)|Wo), (6.35)
where II is the parity operator, acting on the all sites of spin chain as
i, in, -+ i) = [iny i1+, ir). (6.36)

The parity transformation II7(u)Il in the condition (6.35) are model-dependent, as
the structure of the transfer matrix varies between different models. For instance, the

transfer matrix of su(2) spin chain constructed in section 3.1, transforms as [64]
T (u)Il = T'(—u). (6.37)

We will discuss the significance of the integrability conditions when studying the overlap

between boundary states and Bethe states.
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6.4.2 Matrix product state

We consider a specific type of boundary state represented by the so-called matrix
product state. The matrix product state (MPS) [65] is a representation of quantum
many-body states, especially useful for one-dimensional systems, such as spin chains.
It expresses the quantum state of a system in terms of a product of matrices. A generic
(periodic) MPS can be defined as

IMPS) = i tr [ATVASY A iy, i), (6.38)
i1y =1
where d is the dimension of the physical space and Ag") are d,,_; X d, dimensional
matrices with d,, being arbitrary positive integer numbers, referred to as bond dimen-
sions. The |[MPS) that corresponds to the domain wall can be constructed by replacing
matrices Al"») with the classical solution of scalar fields. In studies of the integrability
of defect NV = 4 SYM theory, the constructed MPS is indeed integrable [9, 10, 66],
which implies that the defect preserves integrability and there exists a closed formula
for one-point functions. We will see this later in ABJM theory.
In the presence of a 1/2-BPS domain wall in ABJM theory, the boundary state
IMPS) in the spin chain’s Hilbert space, takes the following form

2

IMPS) = > tr[SMS] 9%S], . S S] [ [Ay, By, AL, Br). (6.39)
Combining odd and even sites into ®*5 and inserting Nahm pole solutions (6.26) and
(6.27), we find the wavefunction of |[MPS)

q o (6.40)
M,; = iﬂa QL +t ®0a,,
where M,; are matrices acting on the (¢ — 1)-dimensional auxiliary space V, and
quantum spaces of two neighboring sites V,, = |A4,) ® |B,). Equivalently, using dual
bi-linear solutions ®,” in (6.30), another representation of the boundary state |MPS)
can be obtained L .
MPS = tr, MjoMss ... Mz,

— q—1

o (6.41)
My, i1 = T]Ib ® L, —t, ® o,

here the auxiliary space V, = C? and quantum space V,, = |B,) ® |A,+1). When the
bond dimension parameter ¢ = 2, the 1-dimensional representation of su(2) is trivial
t* = 0 and there is no auxiliary space to be traced. Thus, the boundary state given in

(6.40) becomes a product of two-site states:

MPS,_, = 03052 ... Opt. (6.42)
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Such a boundary state is named the valence bond State (VBS), defined as
(MPS,—| = (K|*F = (VBS], (6.43)

where (K| is a two-site state with components Kz = d4.

6.5 Overlap formula

The one-point functions (6.33) can be re-expressed in spin chain picture. Since the
dilation operator (5.28) is identified with the Hamiltonian of su(4) alternating spin
chain, the conformal operator O(x) is proportional to energy eigenstate of spin chain.

In general, the energy eigenstate of su(4) spin chain can be written as

lu) = URH AL By, AL, By, (6.44)

with the same coefficients \I/ﬁ’i::jff as in equation (6.33). The overlap between the

eigenstate |u) and the boundary state |MPS) in (6.39) is
(MPS|u) = W52 tr (9415, s428) .. s8], ). (6.45)

We observe that the overlap is equal to the one-point functions in (6.33), up to a
normalization factor. It turns out that the one-point functions at tree level have the

following exact form in terms of the overlap

1 1 (MPS,u)

O(2))tree = — - — x>0, 6.46
(O gEA\LLz (ufu)z (6.46)

which allows to evaluate one-point functions using integrability technique in spin chain
language. Specifically, the eigenstate |u) and its norm can be found using the Bethe
ansatz as discussed in section 5.6, and the overlap (MPS|u) simplifies greatly under

the integrability condition (6.35) for boundary states.

6.5.1 Selection rules

Before we discuss the overlap formula, we first need to examine the conditions under
which the one-point functions are non-vanishing. These conditions are referred to as
selection rules in this context. From the field theory perspective, the non-vanishing one-
point functions (6.33) are determined by the classical solutions YAYg with A, B = 1,4,
which serve as the building blocks of the single trace operator. It is easy to see that
the one-point function of the chiral primary vanishes, since

(04) = Tr(YYY[ .. YY), vy =o!, = toiz _ 2 (6.47)

T T
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where ¢t~ is a (¢ — 1)-dimensional lower triangular matrix with the same structure as
the lowering operator, implying that the trace of any product of Y1Y4T vanish. The
other three types of field combinations in (6.33) are

+ 3 — 23
viyi — 2t ylyf - 478 + 2t e 2 ’ (6.48)
1 T ’ 1 2 ) 4 2

where t* serves as the raising operator, and t3 is a diagonal matrix. Thus, we find that

for non-vanishing one-point functions an arbitrary number of field combinations of the
two types YY" and Y4V, are allowed within the trace, whereas a combination Y'Y,
needs another combination Y4Y1T to form a pair.

By this observation, in order to have the non-vanishing one-point functions of an
operator that is excited from the vacuum Oy based on the correspondence in (5.34),
we require K, = K, = K,, so that only Y}, YlT,Y“, Y4T arise in the excited operator.
Furthermore, we need an equal number of combinations Y4Y1T and Y1Y4T to ensure they
form a pair, which yields

K,=K,=K, =1, (6.49)

where L is half the length of the operator or corresponding spin chain. Besides, the
selection rule (6.49) is consistent with the perspective of the spin chain. The boundary
state [MPS) constructed in (6.39) only contains states |1),[4),|1),]4). For the overlap
(MPS|u) non-vanishing, the Bethe state |u) should only involve these four states,
leading to the condition K, = K, = K,. Note that the selection rule (6.49) is just a
consequence of the global symmetry SU(2) x SU(2) x U(1) in the domain wall version
of ABJM theory, and it is not due to the integrability of the matrix product state.

A Bethe state with (K, K, K,) roots belongs to the su(4) representation with
the Dynkin labels

L= 2K, + Ko, Ky — 2Ky + K, L — 2K, + K, (6.50)
and the excitation numbers must satisfy
2K, < L+ K,, 2K, < L+ K,, 2K, < K, + K,. (6.51)

Thus, the selection rule (6.49) requires the Bethe state |u) is a singlet [0, 0, 0] of su(4).
Next, let us discuss the implications of the boundary integrability, which will also

lead to selection rules. Assuming that the boundary state (MPS| is integrable, we have
(MPS|IIt(u)IT = (MPS|t(u), (6.52)

where t(u) is one of the transfer matrices of su(4) alternating spin chain. These transfer
matrices can be constructed with the R-matrix Rgp(u) = ulyy — Py
t(u) = TroRa1 (u) Rag(u) . . . Raop—1(u) Raor(u),

- (6.53)
t(u) = TroRa1(u)Raa(u) . .. Raor—1(uw)Raar(u).
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The R-matrix R,, acts on the fundamental representation V, = C* of su(4) and the
quantum space V,,, while R,, carries the anti-fundamental representation 4 as the

auxiliary space. They are related by crossing symmetry

Ran(u) = R*(2 —u) = RT(2 — w), (6.54)

with T, representing transposition in space V,. Then, the parity transformation on

t(u) can be related to the other transfer matrix ¢(u) by

Ht(U)H = TraRa’2L (U)Ra?gLfl(U) . RQQ(U>RCL1 (U)

= TryRa1 (2 — u)Ra2(2 — ) ... Raor—1(2 — u)Ranr(2 — ) (6.55)
=1(2 —u).

Thus, the integrability condition (6.52) implies

t(u) = t(2 —u). (6.56)
Applying this equation to the Bethe state we find that

(MPS|t(u)[u) = (MPS[{(2 - u)|u),

(6.57)
7(u) <MPS‘u> =7(2—u) <MPS‘u> ,

where 7(u) and 7(u) are eigenvalues of the two transfer matrices respectively and they
have the same structure. Thus, the non-vanishing overlap <MPS‘u> yields 7(u) =
7(2 — u). With the explicit form of 7(u) and 7(u) given in [5, 37], the boundary
integrability (6.52) ultimately leads to the following selection rules on sets of Bethe

roots:

1. The set of roots w must have the following paired structure:

(w1, =Wy, ..., Wk , —WEw ), K, : even,
w = 2 2 (6.58)
(wl,—wl,wg,—wg,...,O), Kw : odd.
In other words, w = —w.

2. The set of sets of roots {u, w, v} is invariant under the parity reflection, namely
{u,w,v} ={-v,—w, —u} = {—v,w,—u}, (6.59)

here we use the parity-symmetric property of w. This condition implies that

vV =—u.
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6.5.2 Determinant formula for the overlap

So far, we have determined the selection rules (6.49), (6.58) and (6.59) for the non-
vanishing overlap between the Bethe state and the integrable matrix product state.
Now let us discuss the overlap formula for the one-point functions (6.46). We will see
that the one-point functions can be expressed as a determinant formula, which includes
a universal part for overlaps involving integrable boundary states.

The three sets of Bethe roots under these selection rules take the form:

u = (u,us,...,ur),
v=—u=(—uy,—us,...,—uy), (6.60)
w = (wl,—wl,...,w%,—w%),

here we assume L is even without loss of generality. For convenience, we divide w into
w = (wy,ws,...,we)and w~ = (—wy,...,—wc). Then, the 3L-dimensional Gaudin
2 2

matrix defined in (5.44), can be written as

u, U. U. U,
W+u W—H— W+— W—i—v

G = , (6.61)
W, W.. W._ W.,
v, Vv, V. 1,
with sub-blocks given by
[Uu]ij = 8ui¢uj, [Ui]ij = aui wjiy [Uv]ij = aui%ja
(Weulij = 0,2 G, (Weolis = 0,z bu, (Weilij = 0,2 Gt (6.62)
[Vilij = 0u, 00, Vil = 00,05 [Volij = 0u;bu;-

The setup (6.60) implies the following relations among these sub-blocks of the Gaudin
matrix:
Uu = V;), Uv = Vua W:tu = WZFUa

(6.63)

The determinant of Gaudin matrix (6.61) is invariant under swapping rows and
columns:

v, Us U, U_

det G = det | |+ Wr W Woe

Vo VoV, VO

w_, w_p W_, W__

(6.64)
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With the relations (6.63), the determinant det G simplifies further

u, U, U, U
det G —det | e W Wao W
u, U. U, U,
Wiy Wio Wiy Wiy
U, + U, Uy +U_ 0 0 (6.65)
ot | e T W Wt + W 0 0
U, U_ U, — U, U, —U_
Wiy Wi Wiy =Wy, Wiy =W,
=det G det G,

where we introduce G and G~ defined as:

U, + U, U, +U_ _ U, —U, U, —-U_
Gt = * + . G = - . (6.66)
Wiw +Way Wep + Wi Wiy =Wy Wip = W4l

We see that, under the selection rules, the determinant of the Gaudin matrix (6.61)
factorizes into two determinants of sub-matrices.
Normalized overlaps between integrable boundary states and Bethe states are

described by a remarkably compact formula [67]:

(Wolw)[* v det G*
O LU e (6.67)

v universal
boundary dependent

where the universal term is a quotient of Gaudin-like determinants, just like the ma-
trices we defined in (6.66). The universal term is independent of the boundary state
|Wo) and depends only on the specific spin chain and the corresponding Bethe roots.
Systematic derivations of this formula exist for the XXX and XXZ spin chains [68-70],
while overlaps for models with higher-rank symmetry groups or higher spin representa-
tions are mainly based on conjecture. For our purpose, as analyzed in [67], the overlap

formula involving the valence bond state is explicitly given by

SdetG
Q2(0)Q: (%)’

where (VBS| defined in (6.43) is a special case of (MPS| when ¢ = 2. And Q5 is the
Baxter Q-function for Bethe roots w. The SdetG represents the quotient of det G
and det G™:

(VBS|u)

(ufu)?

= 271Qy(i) (6.68)

det Gt
det G—~

Sdet G = (6.69)
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With this overlap formula (6.68), we can evaluate tree-level one-point functions (6.46)
for ¢ = 2. Therefore, in the domain wall version of ABJM theory, the one-point
functions can be calculated totally by integrability methods. Once the set of Bethe
roots {u, w, v} is solved, we can evaluate SdetG using (6.66) and then find the ex-
plicit expression of the one-point functions of specific composite operators. Moreover,
the selection rules for non-trivial one-point functions strictly constrain the degrees of
freedom of the input. The only parameter we should consider is the half-length of the
operator or spin chain, when calculating one-point functions. Other input parameters
such as (K,, K,, K,) are fixed by selection rules.

On the other hand, the overlap formula (6.68) can be verified from the field theory
side. The eigenvectors of the dilation operator can be determined either by the Bethe
ansatz or by direct diagonalization. By substituting the classical solution (6.21) into
specific composite operators, we obtain their tree-level one-point functions, which are
expected to match those calculated by the overlap formula (6.68). The validity of the
overlap formula indicates that the boundary state is integrable, which suggests the

1/2-BPS domain wall in ABJM theory preserves integrability as well.



7. Conclusion and outlook

In this thesis, we review the integrability techniques, e.g. Bethe ansatz and Rational
@-system for solving the spectrum of integrable models. The coordinate Bethe ansatz
provides an intuitive physical picture of Heisenberg spin chain, namely magnons prop-
agating on top of the vacuum and interact with each other in an integrable way, while
the algebraic Bethe ansatz highlights the integrability through the algebraic nature of
the method. Both of them transfer the spectral problem into solving sets of algebraic
Bethe equations. For finding solutions to Bethe equations analytically and efficiently,
we introduce the Rational ()-system which automatically eliminates all nonphysical
solutions. These integrability techniques play an important role in the later discussion.

Next, the setup of ABJM theory is introduced and the spectrum of anomalous
dimensions of scalar composite operators is discussed. With the underlying integrable
su(4) alternating spin chain, the spectral problem in the scalar sector of ABJM theory
can be solved using integrability techniques.

The focus of this thesis is on the one-point functions in the defect version of ABJM
theory, featuring a 1/2-BPS domain wall. We demonstrate that the 1/2-BPS domain
wall preserves half the supersymmetry of ABJM theory. In spin chain language, the
domain wall can be mapped to a Matrix Product State which is a fixed state in the
Hilbert space. The one-point functions of scalar composite operators can be expressed
as an overlap between the Bethe state and the matix product state. The boundary
integrability implies the selection rules for non-vanishing one-point functions, and the
overlap simplifies to a compact determinant formula that includes a universal term
and a boundary-dependent term. The overlap formula for the matrix product state
with a bond dimension of 1 is explicitly demonstrated, and one-point functions can be
calculated using this formula together with Bethe ansatz.

It would be beneficial to check the integrability on the string theory side, as in
the thesis there is only a brief introduction to the string theory description of ABJM
theory and the domain wall version of ABJM theory. Furthermore, it is possible to
evaluate one-point functions in the dual string theory by a variant of the GKPW
prescription [71]. This allows us to compare the one-point functions on both sides and
assess the credibility of the AdS/CFT correspondence.
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