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Abstract

We analyze the spectrum of open strings stretched between a D-brane and an anti-D-brane in planar
AdS/CFT using various tools. We focus on open strings ending on two giant gravitons with different ori-
entation in AdSs x S° and study the spectrum of string excitations using the following approaches: open
spin-chain, boundary asymptotic Bethe ansatz and boundary thermodynamic Bethe ansatz (BTBA).
We find agreement between a perturbative high order diagrammatic calculation in A" = 4 SYM and
the leading finite-size boundary Liischer correction. We study the ground state energy of the system
at finite coupling by deriving and numerically solving a set of BTBA equations. While the numerics
give reasonable results at small coupling, they break down at finite coupling when the total energy of
the string gets close to zero, possibly indicating that the state turns tachyonic. The location of the
breakdown is also predicted analytically.
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1 Introduction

Tachyons are ubiquitous in string theory. The ground state of the bosonic string is tachyonic, and even for
superstrings the tachyons are removed from the spectrum only by a carefully chosen GSO projection [I]. The
understanding of these tachyonic states has undergone a revolution in the last 15 years. The tachyons arise
from an expansion around non-minimal saddle points, and in many instances the instability that the tachyons
represent has been understood and the endpoint of tachyon condensation has been identified.

This is particularly true for tachyons in the open-string spectrum, which represent instabilities of the D-
branes on which they end, rather than of space-time itself. For the bosonic string tachyon condensation removes
the D-branes and eliminates open strings altogether from the spectrum, which was shown by using off-shell cubic
string field theory both numerically and analytically [2, [3,[4]. Similar considerations led to the understanding of
D-brane charges in superstring theory in terms of K-theory |5 [6]: In addition to the usual stable BPS Dp-branes
in type ITA and IIB string theories there are unstable ones “of the wrong dimensionality” (odd p in ITA and even

p in 1IB). Similarly the coincident D-brane-anti-D-brane (henceforth D-D) system includes tachyonic states from



the strings connecting the two [7]. Both are examples of open superstring systems undergoing the wrong GSO
projection.

In this paper we study the coincident D-D system within the AdS/CFT correspondence. In flat space, when
the two D-branes are coincident, the ground state of the open string connecting them is tachyonic with a mass-
squared —1/(2a’). If the D-branes are not coincident this mass squared is increased and beyond a distance of
order the string length all states become massive.

Unstable D-brane systems have been studied within the AdS/CFT correspondence initially in [8]. In certain
cases it is possible to match instabilities in the field theory to those in string theory. Generically, these systems
are not amenable to perturbative calculations in either, let alone both, weak and strong coupling. In special
circumstances it has been possible to take a scaling limit to get a match between weak and strong coupling
[0l 10]. Here we study an unstable system beyond such a limit

Our study relies on the integrability of the AdSs x S° superstring, a property which is conjectured to hold
beyond the classical string limit. Integrability has led to a great understanding of the spectrum of closed
string states in AdSs x S°, as well as certain open-string sectors which are conjectured to be integrable. These
correspond to strings ending on different types of D-branes [111, 12} [13] 14} [I5] as well as macroscopic open strings
extending to the boundary of space and representing Wilson loops in the dual 4d gauge theory [I6], [I7, 18]. The
most studied case is that of a “giant graviton”, which is a D3-brane carrying N units of angular momentum on
S° [19].

Integrability of the giant graviton systems can be seen from both sides of the AdS/CFT correspondence.
From the gauge theory side, the dilatation matrix — calculated perturbatively — coincides with an integrable
open spin chain Hamiltonian [12] 13]. From the string theory side, integrability is a consequence of the fact
that the classical two-dimensional sigma model with boundary admits a Lax pair formulation, which leads to an
infinite number of conserved charges [20, [21].

Instead of a single D-brane we consider here a pair of coincident D-branes with arbitrary orientation. When
the two orientations are identical this is a BPS system, and when opposite, this is a D-D system. Thanks to
integrability, we can compute the asymptotic spectrum of open strings on these D-branes by solving the Bethe
Ansatz equations with boundaries. To be more specific, let us choose the reference ground state of the Bethe
Ansatz as Z¥. There are two important orientations of the D-brane, one carrying the angular momentum on S°
in the same direction (“Z = 0 giant graviton”), or the other in a perpendicular direction (“Y = 0 giant graviton”)
[13]. The names reflect the fact that the world-volume of the D3-brane is embedded as S* C S° C C®, where C*
is parameterized by complex X,Y, Z coordinates satisfying |X|*> + |Y|* 4+ |Z|*> = 1. In our problem, one brane
satisfies Y = 0 while the other an arbitrary linear equation involving Y, Y, X and X, which we call Y = 0 with

Y = Y cos 6y cos s — X cos 0y sin s - X sin 0 cos O + Y sin 6 sin 0 . (1.1)

We will mainly concentrate on the D-D system, which corresponds to 61 = 62 = /2, but many of the calculations
can be generalized to arbitrary angles.

In the next section we discuss the gauge theory dual of these operators. The Y = 0 giant graviton is a
determinant operator made of N of the Y scalar fields [22]. An open string attached to it is obtained by
replacing one of the Y fields with an adjoint-valued word made of other fields (and covariant derivatives). The
system studied here should involve two determinants connected by a pair of adjoint valued words with mixed
indices. A single adjoint valued word can replace one of the letters in one determinant, but not both, which is
why two words are required. The analogous statement in string theory is that a compact D-brane cannot support
a single open string, due to the Gauss law constraint and must have an even number of strings (with appropriate

orientations) attached. In the planar approximation the two open strings should not interact, which we verify

11t is possible in this case too to expand in small angles 61 and 62 defined below.



in the gauge theory calculation in the next section. Hence we can consider the spectral problem independently
for each of the insertions/open strings.

The exact gauge theory description of the D-D system is not known and it requires solving a mixing problem
which is quite complicated, because the operator consists of more than N fields. At tree level, an orthogonal basis
of gauge-invariant scalar operators is constructed by the Brauer algebra [23] or the restricted Schur polynomial
[24] at any N. At loop level, little is known about how to find dilatation eigenstates in the D-D system using
these bases [25]. Nevertheless, the mixing problem of our interest seems to simplify at large N. We expect
that the D-D system with or without open strings has the gauge theory dual closely resembling the double
determinant.

The mass of the (potentially tachyonic) open-string state should correspond to the dimension of the local
operator, or more precisely, the contribution to the dimension from the insertion of the word into the determinant
operators as discussed in Section @l In the case of the Y = 0 brane, the insertion of the word Z¥ corresponding
to the ground state of the open string gives a protected operator. The system with ¥, ¥ and Z* is not protected
and we expect that the ground state energy is lifted by ‘wrapping type’ graphs which involve the interaction
between the Y and Y fields at the two boundaries of the word. We identify a set of such graphs at order A* in
perturbation theory, which we conjecture to be the first ones to contribute to the anomalous dimension of these
operators. In fact, the leading non-vanishing wrapping correction coming from the integrability formulation
derived in Section Blis exactly of order A? and equal to the UV divergences of the integrals that arise from these
graphs. The UV-divergences of these integrals were recently proven to agree with our conjecture [26].

In the integrable description we identify how the string excitations scatter off from the D-branes. Combining
these reflection factors from both ends of the open string, we analyze the finite volume spectrum of excitations via
the double-row transfer matrix. Eigenvalues of this matrix provide the large L anomalous dimensions together
with their leading finite-size Liischer corrections.

At strong coupling we expect the properties of the open string to be rather similar to those in flat space, and
therefore there should be a tachyon in the spectrum. The mass-squared of the ground state of the open string
in flat space is m? = —1/(2a’), which translates to —+v/A/2 in units of the AdS curvature radius/ In the case of
arbitrary angles 01, 02 the expression become

m? = 100l =100 = o] 5 (1.2)
2

The dimension of the operator inserted in the determinants is dominated by the charge L at weak coupling,
but at strong coupling it should asymptote to m o iv/A. We therefore expect the dimension to turn imaginary
at a finite value of the coupling. To probe this transition we employ boundary thermodynamic Bethe ansatz
equations (BTBA).

BTBA was derived first in [30] for models with diagonal S-matrices. If the S-matrix is non-diagonal it is
difficult to construct BTBA explicitly by applying the methods of [30]. In specific cases, however, it is possible
to overcome the appearing technical problems and derive a BTBA with non-diagonal S-matrices, as was done
for example in [I7, [I8]. As our case is more complicated, the approach we take here is to use the Y-system
equations together with their analytic properties to derive the BTBA, as was done in [3I]. In Section [ we apply
this method (following [32]) to derive a set of BTBA for the ground state of the 61 = 2 = 7/2 case.

We develop numerical algorithms to solve these equations and evaluate the anomalous dimensions of ground
states with different values of L at finite coupling. In all cases we find that the anomalous dimension is a

monotonously decreasing function of the coupling. However, when the BTBA energy becomes comparable to

2If we compare to the mass-squared of the Konishi operator 4v/, [27] 28] which matches the first excited closed string state in flat

space, a factor of 4 arises from replacing closed strings by open strings, and another factor of 2 from taking the wrong GSO projection.
3Note that for #; = 0 the rotation in (II)) mixes only Y and X, so the ground state Z” is still BPS, hence the mass is zero. Likewise
for 63 = 0.



1— L, namely when the total energy of the open string gets close to zero, it becomes extremely difficult to obtain
the precise value of the energy from BTBA solutions. As a result, the evolution of the energy cannot be traced
further toward strong coupling.

Such a pathological behavior can arise for states with negative anomalous dimension. A novel lower bound for
the BTBA energy is derived analytically, and the violation of this bound makes the BTBA solution inconsistent.
We expect this breakdown to signal the transition of the states from massive at weak coupling to tachyonic
beyond the critical value of the coupling. Beyond this singular point another formalism must be employed to

find a continuation of the BTBA equations, whose details are beyond the scope of this paper.

2 The YY brane system in gauge theory

The Y = 0 giant graviton is described in the gauge theory by a determinant operator [22]
Oy =detY = el NYL - YN (2.1)

ap-an _ 6”’1

where a; and b; are color indices and € is a product of two regular epsilon tensors €y oibr

TN €y by -

An open string ending on the giant graviton is described by replacing one Y with an adjoint valued local
operator W [|33]

OV = el any i YN I (2.2)
The simplest insertion is the vacuum W = Z%.

One can consider also two giant gravitons by taking the combination Oy Oy and likewise add an open string
attached to one or to the other. But with two giant gravitons we can also consider strings stretched between
the two D-branes. Having a single such string is impossible, though. The endpoint of a string serves as a source
of charge on the D-brane world-volume, which is compact, and there must be another charge source with the
opposite sign. We therefore will consider the case of a pair of open strings with opposite orientation connecting
the two D-branes.

The gauge theory description of this system is the double-determinant operator with all fields at a single
point

O = el a Y Yo e TN YE - YWV, (2.3)
so one Y was removed from each determinant and then the two words VW and V are inserted with the indices
crossed.

However, we are not interested here in the case with two identical D-branes. That configuration is BPS and
the spectrum of open strings also includes BPS states, which belong to the multiplet of the non-abelian gauge
fields on the pair of D-branes. We want to study instead the spectrum of strings stretching between a D-brane
and an anti D-brane.

The anti D-brane can be realized by replacing all the Y by Y, and we shall call it a Y = 0 giant graviton,
as opposed to the original Y = 0 giant graviton. If we parameterize the S° part of the target space by three
complex coordinates Y, X and Z subject to |X|* +|Y|? + |Z|* = 1, then the Y = 0 giant graviton wraps an S*
given by Y = 0. The Y = 0 brane will wrap the same S* but with the opposite orientation.

The precise gauge theory dual of the coincident maximal Y'Y branes is not known. We will approximate it
by a double determinant, one with Y's and the other with Y's. We think that the correct state may have other
structures involving these Y and Y fields, but should be similar to the double determinant. Mixing with other
fields seems to be suppressed at large N. This approximation of the state leads to reasonable answers for the
anomalous dimensions of the open strings we want to study.

Under this assumption, an obvious guess for the generalization of (Z3)) is then

W,V _ ai-anvybr bN_1 c1-en vrdy AN —-1yx)dN vibN
Oy? = ebl_,_bNY1 s Yan edl_,_dNY1 Yoy WGNVCN. (2.4)



The simplest insertion is W = ZF,V = zv.

It is clear that we can further generalize the construction where instead of the Y = 0 brane we have Y =0
with Y defined in (@TI). This allows to smoothly interpolate between Y at 1 = 62 = 0 and Y at 01 =605 = /2.
With this we have constructed a two parameter family of pairs of D-branes interpolating between the pair of
identical D-branes and the D-D systems.

We expect the planar dilatation operator to act on this complicated operator as the sum of two independent

integrable open spin—chain Hamiltonians, one acting on each of the two WOI”dSE
AJOVP] = B O]+ 5A Wy 5] 4+ 6AVey | (2.5)

We will verify this splitting now at the one loop level in perturbation theory, and then assume it holds in
general. This allows us to study the spectrum of each of these open strings independently by application of

different integrability tools.

2.1 Integrable spin-chain

To calculate the conformal dimension of an operator, we consider the two point function between two similar
operators and find the mixing matrix. We therefore study the pair of operators (9;/,\37‘; (0) and ngl(x)

It is useful to separate the calculation according to how many of the fields Y and Y from the determinant
operators interact with the ¥V and V insertions. In the case when none do, we perform free field contractions

between the Y and Y of the two operators. Using
a---a ! by a
€N ey Bl e Banh = (N — 1)! o (2.6)
we find
(O73(0) OF 37 (@) = (N = 1)!°(Tr [WO)W ()] Tr [V(O)V()]) (2.7)

where (Y, (O)Y(:c)b;,> is normalized to 62/52, . This is a non-local trace, which is not gauge invariant, but this
is due to the fact that 2(N — 1) contractions were already done in a specific gauge. The entire correlator is of
course gauge invariant.

In the planar approximation the expectation value in ([2.7)) factorizes and at tree level we find that ¥V and W’
are conjugate operators, as are V and V. Each trace gives an extra factor of N. This statement holds as long as
the last letter in W and the first one in V are orthogonal to Y and the other ends of the words are orthogonal to
Y. Otherwise there would be extra planar tree-level contractions beyond (Z:6) which will mix these states with
operators made of a sub-determinant and a single trace operator.

There are also interacting graphs contributing to (Tr W(0)W'(x)]), which by construction do not know
about the rest of the determinant operators. These will give the bulk part of the spin—chain Hamiltonian. At
one-loop level in the s0(6) sector this is the same as the usual Minahan-Zarembo Hamiltonian [34].

We should consider separately the boundary interactions, where the beginning and end of W and V interact
with Y and Y from the rest of the determinant. The first boundary interactions involve just one pair of Y and
Y. The trace structure arising from contracting all the determinant fields except for one Y (0) and one Y (z) is
given by (B2]) in Appendix[Bl

The one-loop interactions arising from these graphs are very similar to the boundary interaction for the giant
graviton open spin-chain [12]. Again the interaction between ¥V and V completely factorizes at large N and for

each word one finds the usual one-loop boundary interaction. The only modification is that the first letter is

4The dilatation operator actually mixes also the structure of the Y and Y fields, which is an indication that this is not the exact
state. We assumed that the correct state without insertions to be protected at large N. Otherwise the first term of (ZH)) is a certain

function of A.
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Figure 1: Graphs for insertion of W = Z (the case of L = 1). The fields are ordered according to
the trace structure in (2.9]).

projected on states orthogonal to Y and the last letter should be orthogonal to Y. The one-loop Hamiltonian
acting on the word W is

L—1
Ay 1 % %
H® = ) Q1Qr [Z (Il,l+1 = PLit1+ 5K1,1+1> +2-Qi - Q{:| QLQT (2.8)
1=1
Here I, P and K are respectively the usual identity, permutation and trace operators on the spin—chain [34]. Qf
is a projector whose kernel are all words with the field ¢ at location /. The Hamiltonian acting on the word V
can be obtained by exchanging Y < Y.
Although we do not derive here the explicit Hamiltonian at higher loop order, one can still write down the

Bethe ansatz, as we do in the next section.

2.2 Wrapping corrections

One can proceed this way to higher order boundary interactions, but we would like to study the first wrapping
corrections, where interactions are communicated between the two boundaries and the energy of the Z% ground
state is lifted.

Wrapping graphs come from the interaction of the word W with Y on one side and Y on the other. The
leading wrapping corrections will arise by choosing one Y (0) and one Y (0) from each operator and requiring
that they all interact with WW. We analyze this in Appendix[Bland find that we should include connected graphs

contributing to
(Te[Y (z)W(0)Y (2)Y (0)W(2)Y (0)]) (2.9)

To be more specific, consider the ground state W = Z%. Since it shares some supercharges with each of
the determinants, the interaction with only one boundary will not give rise to an anomalous dimension. This
is identical to the state attached to two Y determinants. Only when the interaction involves both a Y and Y
determinant will the ground state energy be lifted|] To capture this we can consider the difference between the

two cases

(T (2) 25 (0)Y (2)Y (0)Z" ()Y (0)]) — (Tx[Y () 2" (0)Y (2)Y (0) 2" ()Y (0))) (2.10)

5This is true even if we change some of the index structure of the Y and Y in (24, so this statement is quite insensitive to the exact
details of the state.
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in (2.9).
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Figure 3: The generalization of Figures b and b for insertion of Z*. The figure on the right is
the space-time structure of the diagram (the resulting 2L-loop integral Io;,) with the lines going

to x amputated. They can be easily restored by adding a line to each trivalent vertex.

In the case of L = 1 there seem to be two types of relevant 2-loop graphs, depicted in Figure[Ill The graph (a)
exists also in the case where both boundaries are on the Y = 0 brane (i.e., with Y (0) — Y (0) and Y (z) — Y (2)).

We expect wrapping effects to start at order 2L in perturbation theoryl The generalization of the graph in
Figure [[ln extended to the case of L > 1 is of order L 4+ 1 (see Figure Bh), therefore its contribution must be
equal to the case with the BPS boundary interactions, or the difference should cancel against other graphs.

The graph such as in Figure [Ib exists for all L at order 2L, see Figure Bb and Figure [ for L > 2. For L = 2
there are many other graphs of the same order as this graph. For example when the box is replaced with a
fermionic hexagon. This graph generalizes to arbitrary L and is of order L + 2, so again it should be the same
as for the BPS vacuum and cancel against other graphs.

For general L we conjecture therefore that the first wrapping correction comes from the graph in Figure
It gives rise to a UV divergent loop integral depicted on the right of Figure Bl where the ellipses correspond to
repeating the structure to generate the total number of 2L loops in the integrals.

Based on explicit data for L = 1,2,3 and our conjecture for larger L (from the results of the next section),
these integrals were recently shown in [26] to have the same divergence structure as the zig-zag integrals [35] [36].
We present the map of the above integrals to the zig-zag integrals in some more detail in appendix[Cl The results

for the overall UV divergences (denoted by calligraphic Z) of the integral I arising in the L = 1 case from the

6Note though that in the quark-antiquark case the first interaction happen at “half” wrapping order (L + 1), which can be attributed

to the finite density of zero momentum single particle states in the mirror BTBA formulation as encoded by the poles of the Y-functions

117, [18].



diagrams in Figure[Iland the integrals T2z depicted on the right of Figure Bl regularized in D = 4 — 2¢ (and with

the coupling restored) are

A2 1 1 N1 (4L -2
L=y~ ta)  Tr=gomem (a1 )9, 211)

where our conjectured result Zs;, was proven recently (cf., Eqn (3) of |26]). Note that for L > 2 the integrals
are free of subdivergences, which is indicated by the absence of all higher order poles in €. Assuming these are

indeed the first graphs that contribute, we conclude that the anomalous dimension of the ground state is

2L _
SAL = —2:\O\ oL +O()\2L+1) _ 4\ 1 <4L 2

At L = 1, however, the integral contains a one-loop subdivergence which leads to an inconsistency here:
it enters as a simple e-pole in the anomalous dimension, which has to be finite and independent of £. In this
setup, i.e. for a gauge invariant composite operator in a theory with unrenormalized coupling, such a one-
loop subdivergence at two loops can only be cancelled either by further two-loop diagrams or by a one-loop
counter term, both of which are associated with the renormalization of this operator. We conjecture that the
approximation of the state with L = 1 by (24)) is inappropriate and that the correct state will be renormalized
at one-loop order.

The fact that short states are subtle and can lead to divergences was seen in the past in the integrability-based
descriptions |37, [38] [39], 40]. In certain cases (deformed or orbifold setups) a possible resolution of this issue in
the field theory was given in [41] [42], though the effect observed there has no net effect for the N’ = 4 SYM
theory. We note that the integrability calculation in the next section also gives a divergence for the L = 1 state
- so whatever effect lifts this divergence (presumably by a one-loop anomalous dimension) should somehow also

alter the integrability description of this state. We leave it to the future to resolve this issue.

2.3 General angle

As mentioned above, the two D-branes do not have to be coincident, but can be at arbitrary angles on S®, which
on the gauge theory side amounts to replacing Y with an arbitrary linear combination of Y, X, X and Y which
we denoted by Y in (CID). It is easy to see that the wrapping graphs we calculated will see only the Y factor in
Y and the result of the first wrapping effect will be multiplied by sin® 0, sin® 5.

3 Integrable description of the Y'Y brane system

In this section we formulate the integrable description of the Y'Y brane system. In the integrable formulation we
characterize and solve the system in terms of the scattering data of the particle-like excitations of the strings.
The finite-volume energy spectrum of the particles corresponds to the sought-for anomalous dimensions on the
gauge theory side.

D-branes provide boundary conditions for open strings, which translate into reflection amplitudes for the ele-
mentary particle-like excitations. The bulk scattering matrix of these excitations supplemented by the reflection
factors define the theory and enable one to calculate both the asymptotic large-volume energy spectrum and all
finite-size effects.

In the integrable description we assume the quantum integrability of the model, and solve the theory in semi-
infinite geometry by determining the scattering (reflection) data. Integrability forces the multiparticle reflection

process to factorize into pairwise scatterings and individual reflections. Integrable boundary conditions in this



point of view can be classified by finding all one-particle reflection matrices, which are compatible with the given
bulk S-matrix and residual symmetries.

When two boundaries exist their relative orientation is also important, which is used to break the super-
symmetry of the vacuum state of the Y = 0 brane studied in [43]. The new vacuum state acquires a nontrivial

anomalous dimension from finite-size effects. Our notation in this section is summarized in Appendix [Al

3.1 Reflection matrices in Y = 0 brane systems

We focus on systems in which the left and right boundary conditions are not the same, but all of them are related
to the Y = 0 system in a relatively simple way. The Y = 0 boundary condition preserves an su(1|2) ®su(1|2) sub-
algebra of the full su(2|2) ®su(2|2) symmetry of the bulk S-matrix. If we label the excitations in the fundamental
representation by (1,2|3,4) ® (i,2|3,4) then the su(2) symmetry, which rotates in the (1,2) or (i,2) space

1 cosf siné 1
(2) - <—sin9 cos@) <2> (3.1)

is broken by the presence of the Y = 0 brane. The reflection factor compatible with the unbroken symmetry,

which satisfies the boundary Yang-Baxter equation has the following factorized form [13] [44]

Ry (p) = Ry (p) Ry (p) ® Ry (p) (3.2)

where

Ry (p) = Ry (p) = diag(e "2, —¢'5,1,1), Ry (p) = —¢ "o(p,—p), (3.3)
and o(p, —p) is the BES dressing factor [45]. This reflection factor can be extended for bound-states both in the
string/mirror theories belonging to the totally symmetric/anti-symmetric atypical representations of su(2|2) @
su(2|2), respectively [46] [47] [48]. The totally anti-symmetric representation describing the bound-states of a

fundamental particles in the mirror theory has a diagonal reflection factor
Ry (p) = diag(lae "%, ~Tae'® Tag1, ~La1), (3.4)

and its scalar factor is obtained by fusion.
Although the presence of the D-brane breaks the rotational symmetry, this symmetry does not completely
disappear from the system. Acting with such a transformation ([B]) will rotate the D-brane itself and acts on

the reflection factors in the following way:

cos?fe % —sin?f et sianosH(eii% +elg) 00

Ry = OR;O" = sinfcosf (e "% +¢'2) sinfe % —cos?fe’E 0 0 7 (3.5)
0 10
0 01

where O acts as in Eq. (&I) in the (1,2) space and as identity in the (3,4) space. We introduce two rotation
angles 01 and 02 for dotted and undotted indices. The reflection factor has to satisfy unitarity, boundary crossing
unitarity and the boundary Yang-Baxter equations to maintain integrability. The reflection factor (B solves
these constraints, as the rotation by O is part of the bulk symmetry which commutes with the S-matrix.

If we choose 6, = 0 = % we obtain the reflection factor of the Y = 0 system. This is the anti-brane

counterpart of the Y = 0 brane, and has a reflection factor in which the two labels (1,2) are exchanged

Ry (p) = Ry (p) = diag(—¢'%,e 78, 1,1). (3.6)
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This is nothing but the charge conjugated reflection factor:

0-i 00
0 00

R; =CRyC™', (= (Z)O e (3.7)
00 -10

This picture extends to the reflection factors of the bound states, too: they can be simply obtained by exchanging
the labels (1,2).

3.2 YV system in large volume

In the following we analyze a two-boundary system in finite volume, namely in the strip geometry. We place Ry
on the right boundary but

Ry (p) =Ry (-p) (3.8)
on the left boundary. We are interested in the asymptotic spectrum of multiparticle states and an exact descrip-
tion of the ground state. Both problems can be attacked via double-row transfer matrices and Y-system. The
energy of a multiparticle state gives a half of the total anomalous dimension in gauge theory (Z5]), and the other
half is obtained in an analogous way.

The boundary Bethe-Yang equations (also called boundary asymptotic Bethe Ansatz equations) are valid for
large size L, the R-charge of the inserted word. They determine the momenta, {p;}, of a multiparticle state by
the periodicity of the wave function as follows. Pick up any particle (with momentum pj, say), scatter through
the others to the right, reflect back from the right boundary, scatter with momentum —pj on all particles to
the left, reflect back from the left boundary and scatter back to its original position; we have to arrive at the

same state multiplied by e~ 2®+L

. During the scattering processes the labels of the multiparticle state are mixed
up, and the problem is to find eigenstates of the mixing matrix. This problem is solved by introducing and
diagonalizing the double-row transfer matrix. As the diagonalization problem factorizes between the two su(2|2)

factors we focus on one copy only, and define this double-row transfer matrix by

Tyy(p) = STr (R (p)S(p.p1) - .. S(p, par) Ry (p)S(par, —p) - .. S(p1, —p)) (3.9)

where we used the non-graded S-matrix S = Sp.S ® S, in the su(2) normalization (Sii = 1). On the left
boundary R}; (p) is introduced in ([B39]), which is different from the standard definition [49]. Nevertheless the
two are equivalent up to an overall normalization |50, 43]. Our choice ensures that a “test” particle is brought
around the two boundaries in the above sense; if we specify the test particle momenta as p = pr we obtain the
k" particle’s mixing matrix.

Let us diagonalize the double-row transfer matrix for Y'Y states in the su(2) sector. We start by analyzing
the ground state of the first level |1,1,...,1) in algebraic Bethe Ansatz, and denote its eigenvalue by T'(p|{p:})
or T for short. It describes an M-particle state in the su(2) sector. Interestingly, similarly to the Y'Y system

[43], the eigenvalue can be expressed in terms of the diagonal elements:
T = p1T1 + pQTQ — p3T3 — p4T4 s (3.10)

where N
Ty = S1i(p,p1) - S11 (P, o) Sti (Par, —p) - .. Sti(p1, —p) = 1
To = S31(p,p1) - .. S31 (p, par) St (par, —p) - .. St (p1, —p) (3.11)
Ts =Ty = S51 (p,p1) - .. S5 (9, prr)Si3 (P, —p) - - . S (1, —p)

11



which explicitly read as:

7 [ =eD @ tap) | RO*
e e @ ) BT (3.12)
N 3.12
P G A ot Y o DO i
e e e @ e, —D @l 41 ROTBH-
The p; (1 =1,...,4) can be calculated following the considerations in [43]. The result turns out to be
14 (2 )*)(z +a 14+ (M) (x” +a?
e @ e (1 @6 ) -

20— (1+ata™) 2zt (1 4+ z—a™t)

T exchanges 1 <+ 2 and 3 <+ 4, and thus acts as conjugation, under which the Y'Y ground state

Clearly 27 <z
is invariant. The momenta of the state are determined from the following asymptotic boundary Bethe-Yang
equations

e PP ET ()2 dia (pr) = 1, (3.14)
where we introduced the proper normalization factor
M —2ip p—
_ - S e Ry (p
di1(p) = Ry (p)Ro(—p) H So(p,pi)So(pi, —p) Ro(—p) = W}% )
) 1

j=1

(3.15)

which is determined by the boundary Bethe-Yang equations for one-particle states (D.I)).
The extension from the diagonal sector to the full sector can be easily done at the level of the generating
functional, which we now introduce. The eigenvalues of the double-row transfer matrix, in which mirror bound-

state test particles of charge a are scattered and reflected through the multiparticle state, are generated as

Wiite) = (1 = D1 TiD)(1 — DpsTsD) (1 — DpaTuD) (1 — DpoToD) = > (—1)*D*T,1D?, (3.16)
a=0
in the su(2) grading, where D is the shift operator (A.3)). Technically it is simpler to renormalize the generating

functional and the transfer matrices as

— R(+) 2 2 -1 U+ + B( ) - aya a
Wik = (1+ =D )(1 -D ) (1 —DFD) (1 +D DB(H) ;(—1) DT, D*.  (3.17)
The relation between the normalizations is of the fusion type:
= flemtplemsl o pmalplizely 0 =Ty (3.18)

Explicit calculation gives all the antisymmetric transfer matrix eigenvalues

w~ Rl wt BO)=a w RMlal p(=)l=d]

(=1)*Tar = (a+1) +ta g moE egma poora T @~ Vs rom g

e (3.19)

3.2.1 Boundary asymptotic Bethe Ansatz equations for generic states

Comparing eq.([3I9) with the corresponding expression of the Y'Y system [43], we can observe that the result
is the same up to signs in front of the fermionic contributions, as if we had performed the trace instead of the
supertrace. This, however, breaks supersymmetry and allows a nontrivial ground state energy for the Y'Y system.
This simple observation allows us to conjecture the generating functional for the eigenvalue of the double-row

transfer matrix for a generic state

A(p) = a (p)\™ RO RHH B Ry By Ry 3" _ R{Bf Q277_~_ B~ R{Bf (3.20)
PP=\a=p)) RO*|""BROF BIR; ijR; Q:  "RrRoB, Q "PBO-RB |V
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where as in (A4]), Bi1Rs and Ry B3 represent type 1 Bethe roots denoted by y;, and Q2 represents type 2 Bethe
roots denoted by fi;. Regularity of the transfer matrix at the roots gives the boundary Bethe-Yang equations.
Type 1 roots are specified as 21 (p) = y;, type 2 roots when u(p) = ji, finally type 3 roots when =~ (p) = y;l.

The corresponding Bethe equations read as

RITQ, ps Ry Bl Ry By Q3 * B Qs
R(7)+Q++ =—-1 ZR+B+R+B+Q,, - _17 B(+)7Q77 = —1. (3.21)
2 lat(p)=y, PSR lup)=p 2 e )=y !
The Bethe Ansatz equation which determine the momenta are
e PRl A (p)2dy 1 (pr) = 1. (3.22)

3.2.2 Asymptotic Y-system for the vacuum state

From now on we focus only on the unprotected vacuum state. As M = 0, we have R = B = 1, and the expression

BI9) for the eigenvalues of the transfer matrices simplifies considerably:

o 4au

Tor= (1"~ (3.23)
They constitute part of a solution of the T-system
Tz;rsTa:s = afl,sTaﬁ»l,s + Ta,sflTa,s+1 5 (324)

on the su(2|2)-hook. For completeness and later applications we provide here the full solution of the su(2|2)

T-system. The transfer matrix eigenvalues in the symmetric representations are generated via the inverse of

EID:

+ —1 + oo
Wau(z) = <1 + D%D) <1 - D%D) 1-p*) (1+D%) =Y DT.D", (3.25)
s=0
which results in )
(] - (]
u u
Tio = (-1)2 |14 —— + 2; m] . (3.26)
The T-functions on the boundary of the su(2|2)-hook are
16u!@y =<l
Toa=Tap=1 (a>0), e=Te2= oo (@=2). (3.27)
The asymptotic Y-functions are defined from the T-functions as
Ta s+1Ta s—1
Yoo=r—"—"r— 3.28
Ta+1,sTa71,s ( )
for s > 0. For s = 0, (in a similar analysis for the su(2) sector) Y1,0(px) = —1 should provide the boundary
Bethe-Yang equations (3I4)). This allows us to restore the correct normalization:
Yio= f1,1T12,1672in , fin= dl,l(P3T3)2 . (3.29)
The normalization of the bound state transfer matrix eigenvalues follow from the bootstrap:
a—1 a—3 3—a 1—a
fan = AR A (3.30)
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3.2.3 Liischer correction for the vacuum state

In the following we use the asymptotic Y-functions to calculate the leading finite-size — so called Liischer —

correction for the vacuum state. For this we analytically continue Y, 0 in u to the mirror plane:

Voo T2 2\ B W= [ dau \? 27\ . 16a2u® [z~ \" 331
wo=folor(Zx ) =T ara ) 7)) T wmema 7)o (3.31)
where we denote the analytically-continued variables zl*al by z*, which can be parametrized by the mirror

momenta q as:

+ gq+ia 1692
= 1 +1]. 3.32
: g ( TEra (352

We can compare the Y0 functions with the integrand of the vacuum Liischer correction IEL IEII calculated

directly from the reflection matrices:

d

(e} X ] - - 5 2L
AB(L) ==Y Yoo = -3 / —R™I(zF)C,5RT(~1/2F)C" (Z—+> . (3.33)

é\g
)J>|Q

As charge conjugation exchanges the ¥ = 0 boundary with the ¥ = 0 boundary, we simply square the

analytically-continued bound state reflection factor (B4) and perform the trace. This gives for the matrix

part
2t 27 (zt +27)?
The prefactor was already calculated in [50]
.2
Ro(=5)Ro(—1/27) = dl+z"z) (3.35)

(= + 20+ =) +20)7
Squaring the matrix part and multiplying with the scalar factor exactly reproduces the transfer matrix result
B31I). A further check on the Y functions obtained with the aid of the generating functional is described in
Appendix

It is now easy to evaluate the finite-size correction in the weak coupling limit. At leading order in ¢ we find

the following correction for the vacuum:

a=1

oo X dq o\ 3L ) q2 4g4L AL
ABE(L) = — Y (49%)% 1 - AL — .
(L) Z/ 7 (497)7 160" o s = — g or ) SUE ), (3.36)
which agrees precisely with the gauge theory result ([ZI2]) for L > 2, and diverges at L = 1.

3.3 Generic angle, the Y =0 brane

Here we analyze the system with generic angles. We keep Ry, on the right boundary but place ]R(;r (p) = Rﬁ(—p)

on the left boundary. The reflection factor in the totally antisymmetric representation can be dressed as

(coszéeﬂ% —sinzeei%)}la (sin@cos&(eﬂ'% —|—ei%)) I, O 0

. —P iP .2 —iP 2 i
Ry (p) = (sm@cos@(e 2 +e 2)) I, (sm fe "2 —cos“Oe 2)]Ia 0 0 ' (3.37)
0 0 Tos: O
0 0 0 I,

7This is not quite the same as fusing the already-dressed reflection matrices.
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3.3.1 Liischer correction

In order to calculate the Liischer correction for the ground state energy, we start from the expression in Eq.
B33). Only the matrix part is deformed by the angle:

20 i —i 2 2 2t 2T

a(2+sin”0(e” + e ") —2cos"0) = asin” 0 |2+ ( — + —

zT oz

(" +27)°

.2
= asin” 0
ztz—

) (3.38)
which shows that we simply have to include an additional sin?#@ factor compared to the Y'Y system for each

s5u(2|2) wing. The resulting Y-functions are

16au?

Yao = wlalyl—a)

—\ 2L
sin” 0; sin® 0 (%) , (3.39)

which at leading order leads to the wrapping correction

a2y 2, At (4L 3
ApE(L) = —sin” 61 sin 924L—1 ol C(4L - 3). (3.40)

This is precisely what we expect from gauge theory calculations for the Y-Y brane system. It is (3:36) multiplied
by the square of the respective angular dependence in ().

The generating functional for the vacuum in case of a generic angle is analyzed in Appendix [El

4 The YY ground state BTBA

In this section we derive the ground state BTBA equations for the YV system and analyze them numerically.

TBA equations in the presence of boundaries can be formulated in the same way as in the periodic case,
provided that the S-matrix and the boundary reflection amplitudes are diagonal [30]. BTBA follows from the
mirror trick, which equates the open string worldsheet partition function in the string region with the closed
string transition amplitude between boundary states in the mirror region. In the mirror picture, the boundary
state projects the intermediate states to those consisting of an even number of particles with the opposite
momentum. As a result, a Y-function in the ground state BTBA is the ratio of the density of particle pairs to
that of hole pairs.

When the S-matrix is non-diagonal, it becomes very difficult to compute the source term in BTBA explicitly,
which comes from the overlap between a boundary state and the bulk state written in terms of the density of
Bethe roots and holes. Thus, a simple alternative approach is called for. Recall that the periodic TBA can also be
derived by integrating the Y-system assuming appropriate discontinuity relations and analyticity of Y-functions

[611 [32]. In this section we apply this method to derive a set of BTBA equations, and solve them numerically.

4.1 Boundary TBA from Y-system and discontinuity relations
The derivation of the equations goes along the lines of ref. [32] relying on the following assumptionsﬁ
e There exist TBA-type integral equations governing the spectrum of the YY system.
e The Y-functions of the BTBA equations satisfy the Y-system functional equations [52] of AdS/CFT.

e The Y-functions satisfy the discontinuity relations of ref. [51], too.

8These assumptions are also supported by the asymptotic solution of excited states.
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e The Y-functions are real functions. They are meromorphic in the vicinity of the real axis away from cuts

prescribed by the discontinuity relations.
e The ground state Y-functions are parity even and left-right symmetric.

e The Y-functions are smooth deformations of their asymptotic limit, so qualitative information on the

location of their point-like singularities can be borrowed from the asymptotic solution.

e The massive Y-functions decay at large rapidity at least as 1/u, while the large u behavior of the other
Y-functions is the same as that of the asymptotic solution, namely in the u — oo limit they tend to state-

and coupling-independent constants.

From the assumptions above it is clear that the BTBA equations presented in this section are valid only as long
as the analytic structure of Y-functions agrees with that of the asymptotic solution and the massive Y-functions
decay fast enough at infinity. The value of the coupling constant where one of the previous two assumptions
fails is called a critical value, and some of our assumptions need to be relaxed.

In this section the notations of refs. [53] [32] are used so that their results could be referred directly. All
kernels and source functions of the subsequent BTBA equations can be found in appendix A of ref. [32].

For the ground state of the YV system the local singularities which affect the actual form of the BTBA
equations lie in the fundamental strip —1/¢g < Imwu < 1/g and they have fixed positions located at 0 or +i/g
in the complex plane. Based on the asymptotic solution given in subsection 3.2.2, the Y-function combinations

which have poles or zeroes at the {0,+:/g} positions are listed belowt].

e Yo, Yy, Yo ww, and Yo, 1}, have double zero at w = 0 for Q,m = 1,2, ....

o YVormjuw, L+ Yopjuw, 1 — ﬁ7 and 1+ 5 L__ have double pole at u =0 for m = 1,2, ....

mlvw

e Y1 and Yj|,, have simple poles at u = +i/g.

® Y5, 1), have double poles at u = +i/g for m = 1,2,....

The derivation of the BTBA equations goes along the lines of ref. [32]. Most of the equations can be derived
straightforwardly from the Y-system equations by taking into account the residue contributions of the local
singularities listed above. The two subtle equations are the discontinuity functions of log Y_ and log Y1 denoted
by J and A, respectively [32]. The derivation of equations for these quantities requires the usage of discontinuity
relations of [5I]. Since asymptotically e’ = 1 for the ground state it is assumed that it has no local singularities
on the whole complex plane. So it follows that )}:—; is given by (5.30) of [32] by taking the set {u;} = 0 or
equivalently R,/,, — 1 and B/, — 1.

The computation of A goes along the lines of section 6. of ref. [32] taking into account the different singularity

structure and asymptotic behavior of the Y-functions. Here we introduce the notations:

2 =log {72 (1 - Yé)} . Lm=log [# (1 + le‘wﬂ L T(w) = tanh(%). (4.1)

The discontinuity function A satisfies the following equation:
oo
A=2Z —2AL + L)% K—2  Zoxkn+2W—2Lerealogz’ + A, (4.2)
m=1
where A,eq is given by@

A1red =2 Z J[e] * (K[zN] - K[izN]) (43)
N=1

9For 1 +Y and 14 1/Y type combinations only the real singularities relevant for BTBA equations, so only these points are listed.
10Here the € description means, that the integration contour goes just above the real axis
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and the source term W is given by the integral representation:

W= /—|— / dvlog 7(v) K (v, u) +/dv log7™ (v) K(v,u) + / dv log 7 (v) K (v, ), (4.4)
M [

(7] [=n]

where [+7] means that the integration runs along the lines v + iy from —oo to co, with 7 being a small positive
number. Starting from the discontinuity function (2] and applying the simplification techniques described in
sections 7 and 8 of [32], the hybrid BTBA equations for the massive Y-functions can be derived. Carrying out

the whole process the following BTBA equations were derived:

(1+Ym+1\uw)(1+mel\vw):| }
Yolow = T° 1 x50, > 2, 4.5
| T exp{og{ 0+ Yo s m > (4.5)
2 (1+Y2\vw) 1-Y_ N
Yijow =T exp{log {7(1-‘—1/2) * s+ log v, * 57, (4.6)
Ym‘w = 72 (=pmHt exp {log [(1 + Ym+1‘w)(1 + Ym—l\w)} * S} s m > 2, (47)
) =
Yijw = 7" exp { log [1 + Yg‘w] * s+ log —| *s¢, (4.8)
1=
Yo+1Yo-1(1 4+ Yo 1vw)’
Yo =72 exp{lo *Sp, > 2, 4.9
@ p{ : [Yslwa Yo+ Yo 1) 9= (49
Y7 oo
— =exp{ — Z log(1+Yg) * Kqy ¢ - (4.10)
Yy &=
14 Yijvw >
Y, Y. =7"exp< 2log {A} *8 —1—2 log(1 +Yg) x [—KQ +2K8}! *5] (4.11)
1—|—Y1‘w o1

Equations ([@I0) and (£II]) determine Y4 up to an overall sign factor. The sign factor can be fixed from the

asymptotic solution and its value is —1. Thus the fermionic Y-functions can be expressed in terms of the LHS

of (AI0) and ([@II]) by the formula:

Y.
1 1 —
slog Y, Y_+3 lo
e? g Y 3 gYJr'

Yy =-— (4.12)
For the massive Y-functions we present the hybrid form of the BTBA equations.
log Yo = — 2LBTBAS~Q + fo +2log(1 + Yo _1jpw) * 5 + 2log(1 + Yijyw) * s * Kyq
=Y | 1Q L @ L @
—2lo *s*Kyor +2% % K'Y +2%, % KY
g[l—YJ TR (4.13)
+ 37 log(1+ Yor) * [Ks‘f@% + 23*1(30;1’@] Q=12
Q'=1
where the source term fg is given by:
fo =log7> —log T2+ Ko — 2Wo, (4.14)
with
Wo(u) = /+ / dvlogT(v) K¥% (v, u) + / dv log 7~ (v) K49 (v, u) + / dv log 7 (v) K49 (v, u).
= ] [=7]
(4.15)
The parameter Lprpa in ([@2) and the hybrid BTBA equations ([I3)) is related to the R-charges of the
determinant-like operator denoted by L in the previous sections. In particular Lytsa = L for the ground

state.
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The energy of the YY ground state after subtraction of the bare dimension is given by the formula
= du dp
Epra = Z E(Q) Z log(1 +YQ). (4.16)
Q=1

This BTBA energy corresponds to the energy of a single open string. The total dimension of the determinant-like
operator (ZH) with W = 2%,V = Z% is written as

L7ZL’]

A[Oiy = Apare + EsrBa (L) + EBTEA(L). (4.17)

Before closing the subsection we argue that due to the constraints imposed by the Y-system equations, the L-
R symmetry and parity, the local singularities of the Y-functions located at the positions {0, ié} do not receive
any wrapping corrections. As an example we show that the double zero of Y7 located at the origin remains fixed
at any value of the coupling constant. As a first step let us invoke the Y-system equations
Yo (1-Y.)?

Yy ASal et
LT Y2 Y,

(4.18)

At the level of the asymptotic solution, the double zero of Y7 at the origin is related to a simple zero of 1 —Y_(v)

at v = :I:é. Suppose that wrapping corrections change the quantization condition as
Y_(v)=1 at v= Lois & Yi(v) = 0> (double zero) at v = —id. (4.19)
g

Since Y_ (v) is parity even, this equation should be valid after the parity transformation v + —v, which implies
Yi(v) = 0% at v = +4d. Now if we take the asymptotic limit, Y7 possesses a quartic zero instead of a double
zero at the origin, which is a contradiction. In other words, the origin v = 0 is a special point where the parity

transformation acts trivially, thus a double zero is allowed.

4.2 Lower bounds for TBA energy in AdSs; x S°

In this subsection we show that the energy which can be computed from the BTBA equations of the YY ground
state is bounded from below. This means that the BTBA equations can describe the model as long as the energy
is real and remains above the lower bound.

To determine a lower bound, the energy formula ([£16]) must be studied. In order for the energy to be finite,
the individual integrals should stay finite; and having evaluated the integrals, the remaining sum must also
converge.

First consider the case of individual integrals. To see their convergence the large u behavior of the integrand
must be analyzed. Since @ ~ g for large u and at any @, Yg(u) must decay faster than 1/u at infinity. This
simple remark constrains the range of the BTBA energy, because the large rapidity behavior of Yg is governed

by the exact energy through the formula.
log Yo (u) = — (4L + 4EsTBA) log [u] + O(1), (lu] > 1). (4.20)
This gives the large rapidity lower bound for the energy:

1
4L + 4FEpTBA > 1 & EpTBA > 1= L. (4.21)

"' The formula @20) can be derived from (@I3). The ~ L term comes from the £g term, while the ~ EBTB A terms originate from
the Z log(1 4+ Ygr) x K

[(2) term by exploiting the following large u expansion of the kernel: K [(2)(t, u)=—= pQ, log |u| + O(1).
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55 = O(1) at large

Q, Yo must be sufficiently small for large ). Let us investigate the large @ behavior of the summand:

The convergence of the sum in (£I6]) imposes a stronger constraint on the energy. Since

BQ) =~ [ 5% DL 10a(1 + Yo(u) (422)

Since Yg is small for large @ in ([@22) the log can be expanded and at leading order one can write:

~_ [T dudpe
R

As it is shown in appendix [[] the large @ behavior of Yy can be deduced from the BTBA equations, and it can

be expressed in terms of the asymptotic solution as follows:
Yo (u) =~ & f19w) 179 (u) Y (u), (4.23)

where ¢ is a real coupling dependent constant and f(u) is the complex conjugate function of f(u). The explicit

functional form of f is not important except for its leading large u asymptotics:
flu) =u2FBTBA(L 4 ), (4.24)

where the dots mean contributions negligible for large u. Changing variables u — @Qs:
B(@Q) ~-Q ]o P f(Qs+2)) Fe(s-2)) va@s)
o 2m du g g @
0

and expanding all terms for large ) one gets:

oo
2

29 ¢ P-4 -4EBTBA / ds 5 1+...) oc Q¥4 4PmTBA (4.25)

16g (
2 1 \2L+1+2E
(s + 52.) BTBA

2w

E(Q) ~ -

where the dots stand for subleading corrections in ). The sum of the energy formula is convergent only if the

energy satisfies the inequality as follows:
4L — 3 +4FETBA > 1 & Epra > FEo=1—-1L. (4.26)

This formula gives the lower bound for Egrpa, which is stronger than the bound given in (IIQII)

This result is valid for L > 1. At L = 1 the asymptotic solution is not trustable even at weak coupling,
as can be seen by the divergent Liischer correction ([3@). Concerning the L = 1 state, it is not clear if either
the BTBA equations ([{LA)-({I3) must be modified, or if there exists another BTBA solution, whose small g
expansion is different from that of the asymptotic Y-functions given by (B:23|3:26]).

Finally we argue that the lower bound ([26]) can never be saturated. This follows from (LIG)). If the energy
reached the lower bound, the LHS of ([@I6]) would take finite values, i.e. 1 — L. On the other hand the sum
on the RHS of ([AI6) would tend to infinity which leads to a contradiction. Thus we conclude that the BTBA
description of the system breaks down and needs to be modified — if it is possible at all — even before the energy
would reach the lower bound given in ([20]).

The numerical results presented in the next section show that the critical energy is reached at finite values of
the coupling constant. This prevents us from extending our BTBA solutions to the strong coupling region and
extracting the large-coupling behavior of the ground state energy.

Our argument concerning the lower bound of the energy is applicable to any other TBA systems containing
the dressing kernel. It becomes particularly important if non-BPS ground states are investigated. There the
standard derivation of the TBA equations is valid, which guarantees the positivity of the Y-functions and so the

negativity of the ground state energy.
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Figure 4: The exact energy Eprpa(g) of the Y'Y ground state with various L (left) and the phase
diagram (right). The thick lines in the left figure represent the numerical data including error
bars, the dashed lines the Liischer energy7 and the dotted lines F., = 1 — L. The blue, purple,
green, brown curves correspond to L =
is LU (ge,) = 14 0.42 ger.

, 273 respectively. The straight line in the right figure

4.3 Numerical results

We solved the BTBA equations for the Y'Y ground state numerically for various (g, L) and computed the BTBA
energy by using the methods explained in Appendix Our numerical results are presented in Appendix
and Figure @ which we now explain in detail.

The left figure shows that the BTBA energy for the states with L = = 27 ;73 We examined half-integer
values of L to study how the energy depends on L, although they do not correspond to the determinant-like
operator (Z4) with W = Z% or V = Z%. One sces that the energy loses precision at some critical value ger of the
coupling, as indicated by huge error bars spreading out toward Eprga = —o0. The right figure shows a plot of
ger as a function of L. A linear fit is also drawn under the assumption that ge, = 0 for the L = 1 state, because
the Liischer energy at L = 1 diverges logarithmically.

The data points and the error bars of the left figure are computed in the following way. Once we obtained a

numerical solution of the BTBA for each (g, L), we calculate the BTBA energy by

Qmax 100

ata dU dp dv dp °
B =3 | 5 B tor(1+ Yo(u) - [ R B g5, a2

Q=Qmax+1
with Qmax = 6, instead of ([£I0). Here we truncate the Yq functions at @ = Qmax to obtain a numerical
solution of BTBA. Unfortunately, the truncation can induce large errors particularly around the critical point
EptpA 2 Eer .

To estimate the order of truncation errors, we extrapolate the energy integrals E¢ using the large () behavior

(£25). The extrapolation function is given by

4L+4e8) (Q)-3
B™(Q = (45=) B(Qu). (1.28)
Q
where the extrapolated BTBA energy is given by
&) Qmax ) 100 S dﬁ@ .
EBTBA (Qmax + 1) = Z E(Q) + E (Qmax + 1) — Z % E 10g(1 —+ YQ (’U)) (429)

Q=Qmax+2"0
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We solve these two equations simultaneously to determine Eit) (Qmax +1) and E}(gﬁT% A(Qmax +1). By repeating

this procedure we obtain EgEF%A (Qmax = 100). It turns out

0EBTBA = E](ngagﬁ — EgEF%A (Qmax = 100) > 0, for any (g,L). (4.30)
The upper edge of the error bars in the left of Figure [ represents Eg?g27 and the lower edge represents

EgiT%A(QmaX = 100). The right edge of the error bars in the right of Figure M represents the value of g at which

Egira;i ~ F., and the left edge represents the value of g where E](;Tt]gA(Qmax =100) ~ Ec .

5 Summary and Discussion

We have studied the scaling dimension of determinant-like operators which corresponds to the energy of an
open string stretching between giant graviton branes from different points of view: gauge theory perturbation,
boundary asymptotic Bethe Ansatz, boundary Liischer formula and boundary TBA equations. At weak coupling
we computed the Liischer corrections to the dimension of general Y'Y states. For the YY ground state we
identified Feynman diagrams which reproduce the Liischer corrections. At general coupling we studied the
dimension of the Y'Y ground state by proposing boundary TBA equations and solving them numerically.

We have shown analytically that the ground state energy of TBA have an L dependent lower bound called
critical energy E., = 1— L. This is actually the point where the physical energy of the open string reaches zero. To
see this, let us compare the total dimension of the state in gauge theory, Aotar to the total energy in string theory,
FEiotar. In gauge theory, the Y'Y operator (Z4)) is constructed by removing one Y and one Y from the determinant
and inserting ¥V and V, which means that the total dimension is given by Atotal = 2N — 2 +dim W +dim V. In
string theory, we measure the energy of a pair of open strings ending on the Y'Y branes. Since the open strings
do not lower the energy of D-branes, the total energy of this system is Eiotal = 2N + Eopen + Ec',pcn . Therefore,
when W = Z%| the physical energy of the open string is

Eopen = B, + Eprea[W] = L — 1 4+ Egtaa(L), (5.1)

which is equal to zero at the critical point.

Our numerical studies show that the critical energy is reached at a finite value of the coupling constant g, and
beyond the critical point our TBA description breaks down. At the critical point the open string energy becomes
zero, so one can think that this is the transition point, where the energy square of the ground state changes
sign and the energy becomes complex. The existence of this behaviour for determinant-like Y'Y operators is
very natural from the AdS/CFT point of view. We expect that these determinant-like operators are dual to the
open tachyons between Y = 0 and Y = 0 branes in string theory, and the energy of an open tachyon is not real.
Thus, there must be a value of the coupling constant at which the BTBA solution exhibits an exotic behavior,
making EpTa(g) from real to complex valued. This interpretation of the critical point explains the break down
of the TBA description: Our TBA equations by construction can account only for real values of the energy, so
it should not describe complex energies.

The emergence of tachyonic instability depends on the value of L. Indeed all wrapping corrections are
exponentially small at any coupling if L is sufficiently large, showing that the angular momentum L of an open
string controls the stability of the D-D system in AdSs x S°. We can compare this situation with tachyons in flat
spacetime. If we add an excitation to the tachyonic ground state of an open string in flat spacetime or separate
the D-D branes far enough, the resulting state is usually no longer tachyonic. In curved spacetime we expect
an excitation to still remove the tachyon. From our results we infer that also adding enough R-charge to the

ground state makes it no longer tachyonic.
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There are many interesting open problems: Analytic continuation of the BTBA solution beyond the critical
coupling is certainly one of them, which should be tackled in the future. Further study on the spectrum of an
open string ending on Y'Y branes from string theory is also called for.

On top of that, the divergence of the L. = 1 state is another challenging problem. On one hand, once the
precise determinant-like operator is constructed, its dimension must be finite in perturbation theory of N' = 4
SYM. On the other hand the BTBA description based on the Liischer Y-functions gives an insensible value of
the energy, as commonly found in the non-BPS state with small L [37], [38] 39, [40]. We would like to conjecture
that this divergence in the Y'Y system and the breakdown of BTBA at L > 1 are the same phenomena like a
manifestation of the tachyon, and that only for L = 1 this breakdown happens already at A = 0.
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A Notation

A.1 Notation for Section

The notation of the paper [43] is used in Section B] and Appendices D] [E] namely
VAN + - 3 v v2 u u U
-V - i—), 21— s =24 AR Al
9= F=F(vEg), w0 =g i 1o n wm =gy o5 (A1)
The rapidity v (or u) and the momentum p are defined by
E:z.'.l’ eip:—7 (A2)
g T
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and the mirror energy is given by 2O _ cio addition, the variable ¢ is defined in ([3:32)). We use the shift

2[—QI
operator
Df(u) = f <u - %) D=:fD. (A.3)
In the integrable description, generic states are specified by M momenta {p1,...,pa}, m1 type 1 fermionic
roots {y1,...,ym,} and ma type 2 bosonic roots {fi1,...,fim,}. The eigenvalue of the double-row transfer

matrices can be expressed by the following functions:

M M
R =T )~ 00) () +5*00) . B9 =] (505~ 2700 ) (555 + 500

i=1 =1 z(p)

Bk = [[ )~ ) (ap) + ) RaBs =[] (5o -) (65 %) - (A1)

j=1 j=1 (p
M mo
Q(u) :H(U—Ui)(wrui)y Q2(u) = [ [(w — ) (u+ ),

with xli = xzs(pi).

A.2 Notation for Section [

In Section @ and Appendices [E] [G] we start using another notation commonly used in the TBA equations

AdSs x S® (e.g. [54)),
. Jppa—
D rog(enl) e =TT (A5

which enables the direct comparison with the literature. It should be kept in mind that the finite-size corrections

g:

are computed using the mirror region in (ALH) or the anti-mirror region in (A for the respective notations.

The two conventions are related by the +-flip, zt = 2T, and

g:% ﬂ:gv, f=z, #(0=2§=x(v=2)=1, (A.6)

where we write a bar on the variables of the notation (A]).

The Y-functions are labeled in different ways between two sections as
Yo=Yg0, Y_-= —1/Y171 , Yy =-Ys,, YQ‘MU = 1/YQ+1,1 s YQ\w =Y1,0+1- (A.7)

We may assume the left-right symmetry Y, s = Y, —s for the states of our concern.

B Boundary and wrapping interactions

We consider here the index structures arising from the partial contraction of the Y and Y fields in the determi-

nants leaving behind one or two pairs which give the boundary and wrapping interactions.

B.1 Boundary interactions

The first boundary interactions involve just one pair of Y and Y. To evaluate it we need to know the contraction

of only N — 2 indices from each determinant

/ ’
ajg-a b bN—l aja aja a a a a
€N ey Ly Bad - danTh = (N =2l L el = ayianY — 5y 6 (B.1)
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If we take Y (0) and Y (z) we get a combinatorial factor of (N —1)? from choosing the two fields and the resulting

expression is

N -1 !6 aia c ala’; c/ > b oy dh el b
et 03 laly i (Y OB WO VO T @]V 0) S W@ )
N_1'6 aja a’a o/ o b el b
= Tty i (YO, OV @) Y@, 0V @wio)'s )
(N —1)18

=N [<Tr[V(0)f/ ()] IV (O)W (2)] Tr[Y(O)Y(a:)]> - <Tr[l7(x)V(0)\_/(x)Y(0)] Tr[W(O)V_V'(x)]>

= (T VOV (@)] TlY ()W (@)W(O)F ()] ) + (THDO)V (@)Y ()W (2)W(0)Y ()]

(B.2)
These terms come with different powers of V. In the large N limit the interactions factorize to the individual
traces in the product. When contracting Y (0) and Y (x) with free propagators, the first term in brackets scales
like NL+LI7L47 the second and third like NLJFLUF37 and the last one like N“*2' 2. The first seems to dominate, but
the combinatorics assumed that Tr[Y (0)Y (z)] interacts with one of the other traces, otherwise it was accounted
for already in (1)) (and gets multiplied by the factor (N —1)~"). We should therefore consider only graphs with
interactions that involve the distinguished Y (0) and Y (x) and some fields in the adjoint words. In this case, the
first term will involve connected graphs, which do not give additional powers of N, similar to the last term. In

the second and third term, however, these interactions generate planar contributions at leading order in N.
The second and third terms on the r.h.s of (B2) give an interaction on one side of V(0) and on one side
of W(0). The interaction with Y (0) and Y (x) will lead to the interaction on the other sides of these open
spin—chains. Each of these terms is identical to some of those which arise when considering a single word inside
the usual Y = 0 brane. Similar terms with Y <+ Y and the interaction at the other end of the words are identical
to the case of the Y = 0 brane. This ensures that the one loop boundary interaction is the same as in those

cases, which with the appropriate projections on the two sides of the open spin-chain leading to (2.8]).

B.2 Wrapping corrections

Wrapping graphs come from the interaction of one of the words, like W with Y on one side and Y on the other.
The leading wrapping corrections will arise by choosing one Y (0) and one Y (0) from each operator and requiring
that they all interact with either YW or V. With two copies of (B.I]) we get the index sou

_ 16 ) S _ _ ’ ;o / _ /
et ecrey eibaly il (V(0)"5, V(0% WO B, V(O)'8, Y (), Y (@) V()™ Wi’y ) (B3)

— 5 € € € €
(N —1)2 “iby Capdy ooy Cdidy "

There are 16 possible contractions arising from this expression. Focusing on the wrapping corrections to W we

take the free contractions of V and V giving

(N — 1)!6NL’+1

e G R (VO (Y@Y )", W) (Yoy @) ) (B.4)
The piece with the maximum number of traces is of the form
(Y (0)F (@)] THY (0)Y ()] THV(O)W(@)] ). (B.5)

The planar contractions of this expression will give another factor of NY*°_ but the combinatorics assume that
there are interactions between all Y and Y (otherwise we have to multiply the whole expression by (N — 1)~2
and recover (Z7) again). The connected correlator (Tr[Y (0)Y (x)] Tr[Y (0)Y (z)]) is independent of both WW and

12Q0ther graphs of the same order (or lower) will involve interactions of two Y's taken from one operator and two Y's from the other.

These will not lead to wrapping effects, as they will all sit on one side of YW or V and will not lift the energy of the vacuum.

24



V. Such contractions arise also in the absence of the insertions and lead to a mixing of the determinant operators
themselves through the action of the full non-planar dilatation operator [53] starting at 1-loop. As mentioned in
the main text, the mixing problem for such determinant-like operators with a total of 2N fields, half Y and half
Y has not been solved and we will ignore this interaction term, which is not directly related to the insertions W
and V.

The leading wrapping correction comes from the single trace term in (B.4]), which leads to (23]).

C Solution of the integrals

The loop integrals for the wrapping corrections are obtained by unifying in Figures [l and [l all fields Y (0), Y (0)
and Z(0) at the space-time point 0 and regarding the fields Y (z), Y (x) and Z(x) as external. This means,
one removes the composite operator at  and the propagators that are connected to it and thus obtains the
integral I>y,, which for generic L > 2 is shown on the right in Figure[3l Since I>;, has an overall UV divergence,
it contributes to the renormalization of the composite operator. The divergence has to be absorbed into the
renormalization constant Z, which contains the negative of the sum of the UV divergencies of the diagrams. The
anomalous dimension is determined by this constant, which is a matrix if mixing with other operators has to be
taken into account. Here, i.e. in a CF'T and for gauge invariant operators, the anomalous dimension is extracted
as 0A = 2z)\0) In Z. Consistency of renormalization requires that In Z is free of higher-order e-poles.

For L = 1 the two-loop integral I that is found from Figure [Tl and its overall UV divergence Z> read

2
L= ., To=KR[L] = K[l - K[L]1] = AT (- % + 2%) : (C.1)
where in D = 4 — 2e dimensions the operator K extracts the poles in €, while R subtracts the one-loop subdiver-
gence. The subdivergence is given by the simple one-loop integral I built from two propagators, which has an
overall UV divergence K[I,] = ﬁQ—E. In the expression for the overall UV divergence Z, in (C.I]) the presence of
the subdivergence is indicated by the occurrence of a quadratic e-pole. If Z contains no one-loop contribution,
then this subdivergence is in contradiction with the consistency requirement that In Z is free of higher order
e-poles. Hence, the L = 1 state must either have a one-loop divergence, e.g. by mixing with other states, or at
two-loops there must be further diagrams which cancel the quadratic e-pole or even the entire contribution from
the diagram in Figure[[l Such a one-loop mixing or additional two-loop contributions could e.g. be related to the
fact that the considered gauge theory state admits interactions of the Y and Y fields at large N. As mentioned
in the main text, this state is not known and it is possible that for this state In Z is free of higher order e-poles.

For generic L > 2, the integrals are given by the second of the figures[3l They are free of subdivergences and
a unifying expression can be found for its pole parts, giving them as a function of L Our conjecture together
with analytical and numerical data and the discussion with one of the authors led to [26], in which a map also
of these integrals to the zig-zag integrals Iz, with n loops was presented. A conjecture for the pole parts of Iz,
was made almost 20 years ago and it was proven recently in [36]. In our conventions, the result of [35] [36]

reads

. Tz, =Kl[lz,] = ﬁ% <2” - 2) (1- %—1_3(1 —(-1)")¢(2n-3) . (C2)

n—1

In the following, we will summarize in brief the argument presented in [26], i.e. the mapping of the integrals

in Figure Bl to the zig-zag integrals. We set n = L — 1 > 2 such that the respective loop integral contains

13For other examples of such integrals see e.g. [56] and [57].
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2L = 2n + 2 loops and consider the dual grap

Iopio = = ) (C.3)

Note that in the following we understand equal signs as equalities only of the overall divergencies on both sides.
For n = 1 the pole part is directly given by the one of the 4-loop zig-zag integral 7, = Zz,. For n = 2 we see
that the dual diagram is the zig-zag integral, and hence we find Zs = Zz,.

For n > 3, following [26], we add a vertex at oo, and connect it with propagators to the three-valent vertices
such that the integral becomes conformally invariant. This involves adding a line of negative weight between
the two (n + 3)-valent vertices at zero and infinity. Then, we apply the twist identity of [58] as follows: first, we
identify four vertices subject to the condition that the integral decomposes into two disconnected pieces when
these points are erased. Moreover, these vertices should not be connected each by one propagator only to a
common further vertex. The selected vertices will be depicted in blue. Then, we add auxiliary lines connecting
the four chosen vertices in a particular way [26]. They form two sets of paired lines as will be indicated by using
different colors for them. In a next step, all lines which belong to the left part of the diagram and enter the
chosen points are rearranged: their endpoints are permuted among the upper and lower two pairs of selected
points. This may lead to vertices that are no longer four-valent and hence conformal invariance appears to be
broken. It is, however, restored in the next step where the paired auxiliary lines come into play: propagators
running parallel to the auxiliary lines can be shifted to run along the respective paired auxiliary lines, thereby

ensuring that the vertices become again four-valent. One step of applying this procedure, i.e. the twist identity

14 Taking the dual means going from the coordinate-space to the momentum-space representation of the diagram.
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of [58], can be visualized as follows

Z2k—2 k e D on—1 k—n+l1 = Z2k—2 k

= Z2k—2 k+1 D n—1 k—n+2 = 22k k41

where the subgraph 2o is obtained from zo,_2 as follows

(I I /r
22k

! ! = 22k-2

o r\L

)

k—n+1

k—n—+2 s

(C.4)

i.e. zok is given by a zig-zag line with 2k + 1 triangles. The above procedure can be applied n — 2 times. After

the last step, we obtain

Iopnta = | #2n—4 = | %2n-4 = Z2n

where in the second step we have removed the vertex at oo in the conformally invariant integral. Then, the

remaining four triangles extend the zig-zag line 22,4 with 2n — 3 triangles to a zig-zag line 22, with 2n + 1

triangles. The upper horizontal propagator connects the two two-valent vertices of this zig-zag line such that one

obtains the zig-zag integral Iz,,,, with the known overall UV-divergence given in (C2). Note that the result

also extends to n = 1.
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D One-particle Liischer correction

In order to provide further support for the correctness of the asymptotic Y-functions obtained from the generating
functional, we compute in this Appendix the Liischer correction for the 11 particle reflecting between the Y'Y
boundaries in two different ways: first from the Y-functions obtained by using the generating functional, and
second by appropriately modifying the “direct” Liischer computation done for the Y'Y case in [50]. These two
computations should give identical results, and it is shown below that this is indeed the case.

We start by solving the boundary Bethe-Yang equations determining the momentum of the reflecting particles
—%%plL _
1= e 'RE(—p)Ry (), (D.1)
where R;—i (p) and Ry (p) are given by Egs. (32 B3] B). Using them in Eq. (D)) gives
1= e 24 g _p)? (D:2)

for the 11 particle (in fact for all the bosonic ones i.e. for 12 21 22 33 34 etc.), while for the fermionic ones
(13 31 23 32 24 etc.)
1= —e 2 g, p)? (D.3)

is obtained. Therefore, in the weak coupling limit

n for bosons, Dn = LL—H <n + 1) for fermions n=1,...,L. (D.4)

o s
b =T 2

Note that this is consistent with supersymmetry being broken.

For the computation using the Y, o functions, one can repeat the same steps taken for the Y'Y case. Since

So(p,p1) is the same as for the YY case, eventually the complete normalization becomes (see Egs. (4.9-4.11) of

fa31) . 2
e ANl Qlemtgli-al  / y4g2 q—ia Qla—tghi—al 0.5
a,1 = ~la] wlal Q[a+1]Q[—1—a] - q2 + a2 q+ a Q[a+1]Q[71,a] . .

From the weak coupling limit of (3I9) we find for the eigenvalue of the double-row transfer matrix (319)

_ a__aqP(g,a,u(p))
Tll;l - (_1) 4(q _ ia)Q[a—l]Q[lfa] ’ (D6)
where
P(q,a,u) = (=34 ¢* + 2a* — 8u* + 2¢° (=1 + a® — 4u°) + (a® + 4u*)?). (D.7)
Thus .
2 27152 2
-~ 2 —28,L _ 4 a”q"P*(q, a,u(p)) 4g
Yoo = fanTaqe =9 (2 + a2)3Qlar QI T-alQla-1Qli-a] \ g2 + a2 ) (D.8)

and we can compute the leading weak coupling correction to the energy of the 11 particle as

us

AE(L) = — Z/@Ya,o = _7” 3" Res Yao. (D.9)
0 a=1

a=1

As for the “direct” Liischer computation, recall that the approach in [50] works directly in the mirror theory

where — using the boundary state formalism — this contribution can be depicted as
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=3 / 99 5 ()57 (g, p) Ry (@)SE (g, p)e ™%, (D.10)

Here ¢ refers to the particle type whose energy correction we are calculating (which, in the present case, is
11), and the other indices run over (4a)?> components of the a-th atypical representation of su(2|2) @ su(2|2).
The boundary state amplitudes, K% for the Y = 0 and Kj,; for the Y = 0, are related to the reflection factors
(Eq. (B4) by analytical continuation K“(z(q)) = (CﬁRg(g —z(q)), where z(q) is the uniformization parameter
on the rapidity torus [59]. These boundary state amplitudes are the only ones in the whole computation we
have to change in the Y'Y case. Since both the bulk S-matrix and the boundary state amplitudes factorize as
S=505®S and K = Kg K ® K, the energy correction can be written as

AB(L) = =3 [ §LK@Sola.n)Fol@)So(—0.0) [T (R@)S(@0) K @S(-a.0)] e 5. (D)

In this expression we have to change only the matrix part compared to [50] when making the summation over the
bound state polarizations. Decomposing the 4a dimensional bound state representation 4a = (a+1)+(a—1)+a+a
as in [50], the non-vanishing components of the boundary state amplitudes that correspond to the Y'Y boundaries

are

Ki oy =K = —i(—1)e %/, K;{i,l,] = K4a 1 = —i(=1)ef/?. (D.12)

Substituting these into the sums over the bound state polarizations given in [50] leads to

a P(q,a,u(p))
(g +2u(p) +i(a —1))(i(a — 1) — g + 2u(p)) (2u(p) +9)?

Using this together with the fact that Ko(q)Ko(q) = Ro(z(q) — “2)Ro(—z(q) — 2) in place of Eq. ([B35) and
the explicit form of So(g,p) given in

(2u(p) +1)*(2u(p) — g +i(a — 1))
(2u(p) — g —i(a + 1)) (2u(p) — ¢ — i(a — 1))(2u(p) — g +i(a + 1))
we find that the expression (D.I1]) exactly reproduces the integrand, Y, o, of the previous computation (D.g).

Tr (K(q)S(¢,p)K(q)S(—q,p)) = —

(D.13)

So(q,p) = +0(¢g%),

For completeness we list here the first few cases of leading Liischer corrections computed from Eq. (D.9))

L=1 p=3: AE =2°g* (4¢(3) — 5((5)) , (D.14)
L=2 p= % : AE = —27g"2. 24(5) (D.15)
L=2 p= 2?” : AE =2"¢" <8—81§(5) - —14(9)> , (D.16)
L=3 p=1- AE = 21146 (- () + i) - %gug)) (D.17)

E Generating function in the rotated case

In this Appendix we analyze the generating functional for the vacuum state with generic angle (E.H).
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E.1 Asymptotic solution of the T-system

We now calculate the solution of the T-system ([324]) in the rotated case from the already explicitly calculated

anti-symmetric transfer matrix eigenvalues:

Toq=(—-1)" sin® 6. (E.1)

ul—al

Choosing the same boundary condition we had before Ty s = T,,0 = 1, we can easily find

16ullul=sl
T2,s - Ts,2 - W S 97 (S Z 2). (EQ)
The expression for the symmetric transfer matrix eigenvalues has a complicated form (cf. Eq. (326])):

e =10
Th,s = 2(—1)° |:a,0,s(1 + e S]) + 22 Uj:—zk] , (E.3)

where

S
k=0

s—1
ao,s = Z(_l)k <S; 1) <S + k) cos” fsin® 0 (s> 0), ar,s = Gs—1,s = 00,100,510 , (E.4)

and apo =1

Remarkably, these transfer matrices can be generated from the following generating functional

+ -1 + 0o
1 u u 2 2y —1 s s
Wiz = F (DFD> (1 — DFD> (1-D% F(D*) =) DT.D°, (E.5)
s=0
where F(z) is given by
F(2) =+/1—2cos(20)z + 22. (E.6)
Evidently F(z) can also be written as
F(2) = /(1 —e292)(1 — e—i202) (E.7)

which is a simple deformation of 1 — z. Indeed, for = 0, the vacuum generating functional (E.5]) reduces to
W =1 (ie., Ti,s = 0 for all s > 0, which is consistent with the supersymmetry of the YY system); while for
0 =m/2, F(z) =1+ z and therefore (E5) reduces to the Y'Y generating functional (3.25)).

We now verify that the inverse of this generating functional reproduces our previous result (E.I) for the
transfer matrix eigenvalues for anti-symmetric representations:

oo

+ -1 +
Wiley = F (D) (1-D?) " <1 - D%D) F (D%D) =3 (-1)"DTu:D". (E8)

a=0

To this end, we expand F(z) in powers of z:

z) = Z anz". (E.9)

n=0
By expanding the inverse operators, we can write

(k+1u = ul™
2n k m m
su(2) = ZO‘”D ZD N k] Z mD e e

m=0

lm—n] (E.10)
Z OénOém(k + 1)Dn+m+k e Dn+m+k¢ )
n,m,k=0 u
Comparing with (E.8)), we can read off the following transfer matrix eigenvalues
a a—n 4au
Tap = “u[ 7D D amam(atL—n—m)=(=1)"sin" 0= (E.11)
n=0m=0
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which coincides with our previous result (El). In passing to the last line we used that

s(0) =2 Ea: ‘12*:” anam(a+1—n—m)=— liﬁm1 deix ( i i anam:c’”m*a*l)
n=0m=0 n=0 m=0

= — lim PPdi((l —2cos(20)z + 2°)z ") = — lim i(:cfaf1 —2cos(20)z™ " + 2~ *T') = 4asin® 0,

z—1 x z—1 dx
(E.12)
where PP denotes the principal part of the Laurent series, i.e. terms with negative powers of .
The generating functional can be rewritten in the following form.
-1 -1 2\ —1 2\ ~ u* u* - S apma a
W =Wl =(1-D%) g¢(D*)g (DFD> <1 —DFD> =Y (-1)*D"To1(0)D". (E.13)
a=0

We conjecture that this quantity is equal to the ‘dual’ generating functional in the sl(2) grading, W™! = W;[(g) ,
just as in the Y'Y case (see Appendix C of [43]).
We calculate the middle gg term as

g(DQ)g(DZ—J:D) =1-D’ W' —DZ—J:D) (E.14)

We now use the relation between the generic 6 case and the 6 = 7/2 case:

Tun(0) =sin® 0T, 1(7/2), a>0, (E.15)
which implies that
WHO) — 1= (=1)"D*To1(0)D" =sin0 Y (—1)*D*Tuq(n/2)D* =sin®0 W' (n/2) —1] . (E.16)
a=1 a=1

Substituting this result for W' (6) into (EI4), and recalling that W' (%) is given by the inverse of (Z25]), we

obtain

g(D*) g (DZ;D) = (1-D? {cosz 0 +sin?0 (1+D?) (1-D*) "

«(1-2ir) . (1+25=2)] (1-2=7) (B.17)

2 2 ut 2 2 ut
=cos™ 6 [(1—D ) (1—D—7D)} + sin” 6 [(1+D ) <1+DTD>]
u u
ut ut
=1 —cos(20)D (1 + —,) D+D*D—D.
u u

Clearly the square roots have disappeared. This function can be written as (1 — D*A)(1 — AilDZ—tD) where A

is the solution of the following equation

A+ L eosen) (142 (E.18)
= el .
Although we have not managed to find its solution for general angle, explicit solutions can be obtained at special

values of 6, such as

) F(__%)F(% +%) + - 1, (E.19)

A(u,0) = 1+%—2<1—Lj‘)> 0> +0°), r(u)= % <3+8m+“;+4<1>(—1,1,2—2m)—4¢(2—2m)>,
(E.20)
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where 9 is the digamma function and ®(—1,1,z) = Y5> (—1)*/(k + ) is the Lerch transcendent.

We expect the generating functional for states in the s[(2) sector to be of the form:

—1 —1
—1 2 R(i) U+ 2 U+ B(+) 'I.L+

F The large () behavior of Yy

In this appendix the large @ behavior of the Yq functions is determined. As a first step the large m behavior of
the Y,,,,,, functions is investigated with the help of @I). For large m the factor (1 + Y;,) becomes unity and

Yi+1jvw = Yimjow substitution can be done. Thus for lager m at leading order Y,,,|.., satisfies the equation:
Yonjow = 72 exp [2 log(1 + Yonjow) * s] , (F.1)

such that the large u asymptotics is given by:
1
lim Vo (u) = m” (1 + (9(—)) .
U— 00 m

¢}

imlvw functions. Thus for large

The solution of this equation modulo - corrections is given by the asymptotic
m
index Y;,v0 tend to its asymptotic counterpart.
Now we can turn to investigate the large ) behavior of the “massive” Yy functions. The relevant equation

to be studied is (£9). For our considerations it is worth to convert it into its Y-system form:

2
+y— ;)
YoYo (1 " Yot ) (F.2)
Yo1Yorr  (1+Ye-1)(1+Yo4)
In the large @ limit it becomes:
2
YIYS
e 1+__?;L__ ) (F.3)
Yo-1Yo+1 Yo 1w

Now, that solution of (£3]) should be found which has the properties as follows:
e The structure and positions of the local singularities within the fundamental strip |- are the same as those
of the asymptotic counterpart Y.
e The large u behavior of the solution is given by ([@20).
To satisfy the first requirement and solve the nontrivial part of the Y-system equation, we search the solution

of (E3) in the form: Y = ¢ Y, where oq is introduced to connect the different large u behavior of the exact

and asymptotic Yos. Then it follows that og must be a zero mode of the LHS of (E3):
ol oo
99 -, (F.4)
0Q-10Q+1

with the properties as follows:
e The large u asymptotics is governed by the energy: og(u) = Eu~*FBTBA (1 4 ).
e 0 is real and even function.
e 0@ has no zeroes or poles in the fundamental strip.

Thus og can be represented as a product of left and right mover modes:

UQ(u):§f<u+ ?)f@-%) (F.5)

where ¢ is a real and coupling dependent constant, the function f has the large u expansion:

flu) = u? EBTBA(l + ...) with dots denoting negligible terms for large u and f is the complex conjugate of f.

Putting everything together we get that the large @ behavior of Yg is given by formula ([£.23)).

5Here the fundamental strip means 1/g < Imwu < 1/g.
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G Solving the YY BTBA

The details of numerical computation which yielded the results in Figure @ will be given below.

We want to solve the BTBA equations, which consist of a set of nonlinear integral equations. It is convenient to
divide the whole problem into two subproblems, nonlinear root-finding and numerical integration. The nonlinear
part of the problem is solved by relaxed iteration, and the integration part by interpolation and extrapolation
of the integrand. Our algorithms are implemented as Mathematica scripts which are executed by CPU clusters.

For notational simplicity, we write the BTBA equations ([LBHLT3)) as

LYa) =21 1Y) *x K s (G.1)
where we introduce the symbol
1+Y, Ya
(@ — G —
j(liyﬂ)flogliyaov j(Yﬂ)flogYaOv (G#Q)v
Y o
LA+Yg) =log(1+Yg), Z(Yo)=log (Y5 = 0). (G.2)

Yé’

In the first line we take the positive sign for bosonic Y’s and the negative sign for fermionic Y7s The normalized
variables (1 4+ Y) have better analytic and numerical behavior than log(1 4 Y).

G.1 Algorithm for nonlinear problems

Iteration is one of the simplest methods for nonlinear root-finding problems. We solve the equation (G by

iteration of one-dimensional integrals as
2 = ™ = 20 £ Y, ") % Kpy . (G.3)

Ya(") is close to the exact solution provided that the initial conditions Yb(o) are appropriate, n is large enough,
and that all eigenvalues of the linear infinite-dimensional integration operator §F,/dY; stay nonzero and inside
the unit circle during the iteration.

Slower iteration algorithms are generally more stable. If one wants to get a reasonable solution from inexact
initial data, a large number of iteration steps are needed. Relaxation is an example of slower algorithms, and
used to solve nonlinear integral equations in the literature [60} [61]. In the relaxed iteration, instead of (G.3]) we

update the solution by
f(Ya(nJrl)) _ M(n)g(i}a('rwrl)) + (1 _ M(n))g(ya(n)) , (G4)
2V = 20 £ YY) Ky (G.5)
where u(") > 0 is a relaxation parameter. For simplicity we choose the same relaxation parameter for all
Y-functions.
The updating rule (G4) says Y™ is related to Y™, Y™ to Y=Y and so on, which is repeated until

one reaches Y(©). However, the computation using recursively-defined variables demands large memory. Thus

we use the updating rule (G4) only for the first p steps, and use a truncated rule later on:

L) = 1= p) T 2 0) + ™S = pr (v (0<n<p), (G.6)
k=0
L) = (1= ™M)y 2V 4 u N (1= ) 2V (= p 1), (G.7)
k=0

16The Y= functions appear also in the form of .#(1 — 1/Y=), which should be defined in accordance with (G.2).
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We used p =4 or 5.

The Y-functions should be updated carefully in the beginning because they change a lot after one step of
iteration. This means that the relaxation parameter should be small. In fact, when we plot the energy at
each step of iteration, we find that the energy typically increases for the first few steps, and then decreases

monotonically. We used 0.1 < p < 0.3 at the beginning of iteration, 0.3 < p < 0.75 in later steps, depending on
(9,L).

G.2 Algorithm for integration

Our next problem is to evaluate the set of one-dimensional integrals (G.5)). In numerical analysis, one needs to
approximate integrals by finite sums by choosing an appropriate distribution of sampling points {t1,t2,...tn, }.

If one wants to achieve the best precision at a fixed number of sampling points N, , one should look for the best
distribution of sampling points {¢;} for each integral. However, since (G.5]) consists of numerous one-dimensional
integrals, it is impractical to construct different sampling points {¢;} for different integrals.

One solution is to choose different sampling points for different Y-functions. With this method, we construct
a fitting function ,,?(Yb(ﬁt)(t)) based on {¢;} and use it to compute the integrals (G.5]). This method is similar to
the one used in [28], and has the advantage that we can easily keep track of the explicit shape of the Y-functions.

Let us explain our numerical integration scheme in detail. For each Y} at fixed (g, L) we introduce a rapidity
cutoff M; . Then we construct a piecewise continuous interpolation function for ¢ < M, and an extrapolation

function for ¢ > M, and combine them together as
2™ W) = {2 W) |teo,m]} v {LEPW) | te My, +o0)}, (G.8)
and compute the integral £ (1 + Yb(ﬁt)) * Kpq (v) through

14V (1) exp [£(7™ (1))
TEY2(t)

21 £V (1)) = log ( (G.9)

Recall that all Y-functions are even under the parity transformation ¢t — —¢. As for Y+ functions we only need

the interpolation function for ¢ € [0, 2]. We also construct fitting functions for some kernels in the hybrid BTBA

equation (£I3]), namely the dressing phase kernel KS/Q("” v) and s KUQL;;L Q(t,v) to accelerate computation.
We used the third-order spline to obtain f(Yb(in)(t)) from the data points {Yy(¢;)} for t; < M,. The

extrapolation was constructed via the ansatz

ex - C(i) ex — el C(Z)
2 =Y Lo (b= Mvw, Mfw), L) =5V logt) + > ;? . (G.10)
i=1 =0

The order of extrapolation n, should not be too large, as the extrapolation tends to oscillate wildly around the
cutoff t 2 M, . We mostly used n, = 3 or 4.

The rapidity cutoff M, is determined as follows. The fitting Y-functions should be a good approximation
of the actual Y-functions as far as the number of sampling points NV, is sufficiently large. Since we know that
the normalized Y-functions (Y3 (¢)) go to zero for at large ¢, we want to choose the value of rapidity ¢t = M,
such that | (Y3 (t))| decays monotonically for ¢ > M. To estimate a good choice of M; we define the “width”
of Y-function W, by

1 19 21
Yo(Wo) = 55 Max [Yo(uw)l,  Yajww(Warow) = 55 MM +2), - Yaruw(Warw) = 55 M(M +2). - (G.11)

If there are multiple solution to these equations, we use the largest one as the width. Then we choose the rapidity
cutoff within the range from W;, < M, < 8W,

The distribution of sampling points for a bosonic Y-function is determined from its Width Concretely, we

"M¢g > W¢ means that the numerical coefficient in (GII)) is smaller than L

5o » and similarly for other Wj .
18 As for Y¢(t) the uniform distribution over ¢ € [0,2] is used.
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used the following semi-uniform distribution for ¢ € [0, W}]:

Wb Wb 3Wb Wb Wb 3Wb Wb
- St<4g o b Wy (W .
O (e | TR o e G T e

where Aty = tr4+1 — tx is the distance between the two adjacent sampling points. There are (N, — np) points in

total for 0 <t < W; . The outermost n, points are used to construct the extrapolation,
ty = Wy x 2840 Nptne) (= Ny N, — 1), (G.13)

For small g we used t, = W} x o(k=Np+np) for Yo.

G.3 Numerical parameters

For clarity the numerical value of various cutoff parameters is given below.
We must truncate the number of Y-functions appearing in the BTBA equations. Let us denote the index

cutoff for Yo , Yarjvw s Yarjw BY @max ; Myw|max » Muw|max > respectively. We used
Qmax = 67 Mvw\max - 147 Mw\max = 10. (G14)

The Y-functions beyond the index cutoffs are fixed at the asymptotic values.

Recall that N, is the number of total sampling points used to construct the fit of a Y-function, and n, is the
number of sampling points greater than the width as in (G.I3)). For the first argument of the kernels KS/Q(t, v)
and s*Kﬁ;;l' Q(t7 v), we constructed suitable distributions of sampling points in a manner similar to Appendix
As for (Np,nyp), the following values were used for each distribution

(Np,np) = (36,8) for Yg>1, (Np,np) = (128,8) for Yarjww » Yarjw Y » (G.15)
(Np,np) = (128,8) for t in s x* Kﬁ;;l'Q(tmL
(Np,np) = (128,16) for t in K13 (t,v), (Np,np) = (64,8) for tin K5io(t,v) (Q'Q > 1).

For small g we start iteration from the asymptotic Y-functions. This part of the computation is completely
parallelizable. However, as g increases the finite-size corrections get larger, and one needs to start iteration from
the solution at the previous step, i.e. smaller g The total number of iteration steps is typically 20 to 40
depending on (g, L).

With this parameter choice and using a node of CPU clusters with 48 cores, it took around 90 minutes to

generate the dressing kernel data, and 6 hours to finish 20 steps of iteration.

Error estimates. There are three sources of errors: (i) truncation of BTBA by a finite number of Y-functions,
(ii) finite number of iterations, (iii) discretization of the integrals.
The first source of errors is significant around g = ge, , as represented by the huge error bars in Figure [
The second source of errors makes our results unreliable at the third or fourth digits. The larger number of
iterations does not always indicate the more precise results, because errors may accumulate during iterations.
The third source of errors is negligible compared to the first two. We carefully choose the distribution of
sampling points for each Y-function at each (g, L), and set PrecisionGoal no less than 6 in computing various

integrals in Mathematica.

9Usually the outermost 3 or 4 points are not used, because the optimal order of extrapolation is np = 3 or 4.
20For example, our iteration started from the asymptotic solution for ¢ < 2.4 and L = 2.
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G.4 Table of numerical results

In Table [Tl we present the numerical results drawn in Figure dl in which the top end of error bars corresponds
to raw data and the bottom end of error bars to the fitted data.

The raw data (Qmax = 6) are not sensitive to the large @ singularity (£20)), and thus contain the points
g > ger . When the raw data hits the large u singularity ([£21]), we cannot compute the finite BTBA energy
further in a reliable way. Moreover, when the energy is close to + — L, we always find that E(Q) defined in [@22)
for different ’s have comparable order of magnitude.

Note that our data also include some points with Esta < i — L, because we determined the large u behavior
of Yo (u) by fitting the numerical data instead of using ([€20).
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L=2% L=2

g Biroa Bifiha g ESTER Efiha
1.3 —339x107' —453x107! 0.6 —1.02x107% —1.02x1073
14 —4.92x107! - 0.8 —5.85x 1072 —5.85 x 1073
1.45 —5.95x 107! — 1. —197x1072 —1.97x 1072
1.5  —=7.30x 107" — 1.2 —4.79x 1072  —4.79 x 1072
1.54 —882x 1071 — 1.4 —9.45x 1072  —9.46 x 1072
1.56 —9.88 x 107! — 1.6 —162x107Y —1.62x107*
1.58 —1.16 — 1.8 —261 x107' —263x 107!
1.59 -1.35 — 2. —4.40x 107t —459 x 107*

1.592 —1.44 — 2.1 —541 x107Y  —5.86 x 107!
1.594 —1.59 — 2.2 —6.62x 1071 —7.83 x 107!

2.3 —8.13x 107! -

2.4 —1.00 —

2.5 —1.29 -

2.55 —1.53 —

2.56 —1.61 —

2.565 —1.68 -

2.57 —1.77 —

2.572 —1.86 -

2.5722 —1.87 -

2.5724 —1.89 —

2.5726 —1.90 —

2.5728 —1.94 —

2.573 —2.01 —

2.5732 —2.58 —

L=3% L=3

g El(adTa];? E](Bf}It‘])3A g E](;.I?éaA) El(?filfl)?;A

32 —919x107* —961x107! 24 —162x107" —1.62x107!

34 —1.24 - 28 —286x107t —286x 107!

3.6 —1.63 - 3.2 —450x 107t —451x107!
3.65 —1.78 - 3.6 —6.69x107" —6.74x107!

3.7 —2.00 - 3.8 —800x107' —8.09x107!
3.71 —2.06 - 4. —957x107' —9.78 x 107!
3.72 —2.13 - 4.2 ~1.14 —1.18
3.73 —2.23 — 4.4 ~1.31 —1.42
3.74 —2.64 — 4.6 —1.58 -

4.8 —1.87 —
4.9 —2.07 -
5. —2.44 -
5.03 —2.73 —

Table 1: Numerical data for the BTBA energy of the Y'Y ground state with the R-charge L. The symbol ‘—’ means
that the extrapolated energy hits the lower bound and thus diverges.
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