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1 Introduction

Tachyons are ubiquitous in string theory. The ground state of the bosonic string is tachy-
onic, and even for superstrings the tachyons are removed from the spectrum only by a
carefully chosen GSO projection [1]. The understanding of these tachyonic states has un-
dergone 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 repre-
sent 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 [2-4]. 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 IIA and IIB string theories, there are unstable ones
“of the wrong dimensionality” (odd p in ITA and even p in IIB). 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 correspon-
dence. 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 [9, 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

Tt is possible in this case too to expand in small angles 6; and 6 defined below.



on different types of D-branes [11-15] as well as macroscopic open strings extending to the
boundary of space and representing Wilson loops in the dual 4d gauge theory [16-18]. 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 perturba-
tively — 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 ZL. 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* € S° C C3, where C? is parameterized
by complex X,Y,Z coordinates satisfying |X|? + |Y|*> + |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 1 cos Oy — X cos 0 sinfy + X sin 07 cos 0 + Y sin 0 sin 05 . (1.1)

We will mainly concentrate on the D-D system, which corresponds to 6 = 6 = /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 YV 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 dual 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 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 2. 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 Y, Y 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

A2L and equal to the UV divergences of the integrals

derived in section 3 is exactly of order
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/\ /2 in units of the AdS curvature radius.? In the case of arbitrary angles
61, 02 [29] the expression becomes?
01+ 62| — 16, —0
m? = 101t 2|2 0 =02l . (1.2)
0

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/X. 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 [17, 18]. As
our case is more complicated, the approach we take here is to use the Y-system equations

2If we compare to the mass-squared of the Konishi operator 4v/X, [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.

¥Note that for §; = 0 the rotation in (1.1) mixes only Y and X, so the ground state Z is still BPS,
hence the mass is zero. Likewise for 63 = 0.



together with their analytic properties to derive the BTBA, as was done in [31]. In section 4
we apply this method (following [32]) to derive a set of BTBA for the ground state of the
01 = 02 = /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 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 =l Ny ... YN (2.1)

where a; and b; are color indices and € is a product of two regular epsilon tensors egllgllv" =

€NTN ey by
An open string ending on the giant graviton is described by replacing one Y with an
adjoint valued local operator W [33]
OF = Uy Yay = Wi, (2:2)

al

The simplest insertion is the vacuum W = Z%.

One can consider also two giant gravitons by taking the combination Oy Oy and like-
wise 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

W,V_ al--anN b1 bel C1:'CN d1 del dN bN
Oyy = ey Yol - Yay | eg g Yot - Yer P W ViR, (2.3)

so one Y was removed from each determinant and then the two words YW 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 52 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 ¥'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 (2.3) is then

OFF) = g Yo Yal o) € m Ve YRS W VAN (24)
The simplest insertion is W = 2L, v = 2.

It is clear that we can further generalize the construction where instead of the Y = 0
brane we have Y = 0 with ¥ defined in (1.1). This allows to smoothly interpolate between
Yat0 =0, =0and Y at 0y =0y =7 /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 words:*

A[OVY] = Apare OV ] + AWy 3] + A Ve ). (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 (’);V}’—,V(O) and Ogl’;,/vl(a:).

It is usef’ul to Separate7the 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

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 (2.5) is a certain function of \.



none do, we perform free field contractions between the Y and Y of the two operators.
Using

by by
g aNEb’1~~b§V5a11 .. .5a11\\’[_1 =(N-1)! 5&1\]\] (2.6)
we ﬁnd

(OYX(0) OF P () = (N = )I(Tr WOV (2)] Tx [(O)V()]) (2.7)

where (Y (0)Y (x)",) is normalized to 6% 6%, . 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 W and W' are conjugate operators, as are } and V. Each trace gives an extra
factor of N. This statement holds as long as the last letter in YW 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 (2.6) 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)V'(z)]), which by con-
struction 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 (B.2) in appendix B.

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 W
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 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 1 B B
= 25 QE0L |0 (s P + ) +2- 0f ~of [ bl 9
I=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
I. 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.
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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).

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 B and find that we should include connected graphs contributing to

(TrY (2)W(0)Y ()Y (0)W(2)Y (0)]) (2.9)

To be more specific, consider the ground state YW = ZL. Since it shares some super-
charges 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

(Tr[Y (2)Z"(0)Y (2)Y (0) Z*(2)Y (0)]) — (Tx[Y (2) Z*(0)Y ()Y (0) 2" (2)Y (0)]) (2.10)

In the case of L = 1 there seem to be two types of relevant 2-loop graphs, depicted in
figure 1. 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 (x)).

We expect wrapping effects to start at order 2L in perturbation theory. The gener-
alization of the graph in figure la extended to the case of L > 1 is of order L + 1 (see
figure 2a), 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 1b exists for all L at order 2L, see figure 2b and figure 3
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.

"This is true even if we change some of the index structure of the Y and Y in (2.4), so this statement
is quite insensitive to the exact details of the state.

SNote though that in the quark-antiquark case the first interaction happen at “half” wrapping order
(L4 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 [17, 18].
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Figure 2. Graphs for insertion of WW = Z2. The fields are ordered according to the trace structure
in (2.9).
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Figure 3. The generalization of figures 1b and 2b for insertion of Z%. The figure on the right is
the space-time structure of the diagram (the resulting 2L-loop integral I5;,) with the lines going to
x amputated. They can be easily restored by adding a line to each trivalent vertex.

For general L we conjecture therefore that the first wrapping correction comes from
the graph in figure 3. It gives rise to a UV divergent loop integral depicted on the right
of figure 3, 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 C. The results for the overall UV
divergences (denoted by calligraphic Z) of the integral I arising in the L = 1 case from
the diagrams in figure 1 and the integrals I57, depicted on the right of figure 3, regularized
in D =4 — 2¢ (and with the coupling restored) are

A2 11 AL 1 (AL -2
T2 = ~ 52 T Tor = =72 AL - 2.11
P (4m)t ( 2e2 " 2a> ’ 2T (4m)ie 12 <2L - 1)4( 3) (211)

where our conjectured result Zo;, 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

ANt q

SAL = —2eA\Iop + O(N*!H) = (4r)*L L

4L — 2 9L+1
<2L B 1)((4L —3)+ 0. (2.12)

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 (2.4) 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—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 ¥, X, X and ¥ which we denoted by Y in (1.1). 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? ; sin® 6,.

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 elementary 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 supersymmetry 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 A.

3.1 Reflection matrices in ¥ = 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) ® (1,2|3,4) then the su(2) symmetry, which rotates in the (1,2) or (1,2) space

)= (nn ) () @

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, —¢'2,1,1),  Ry(p) = —e Pa(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 [46-48]. 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 "2, —Tae'%, Tot1, —Tam1), (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 (3.1)
will rotate the D-brane itself and acts on the reflection factors in the following way:

cos2fe ' —sin20e’s sinfcosh (e 7’5 4 €'%)
sinfcosf (e~ 4 ¢'2) sinfe 2 — cos?f 't
0 0
0 0

R, = OR, 0" = : (3.5)

O = O O
— o o O

where O acts as in eq. (3.1) in the (1,2) space and as identity in the (3,4) space. We
introduce two rotation angles 61 and 0, for dotted and undotted indices. The reflection
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factor has to satisfy unitarity, boundary crossing unitarity and the boundary Yang-Baxter
equations to maintain integrability. The reflection factor (3.5) solves these constraints, as
the rotation by O is part of the bulk symmetry which commutes with the S-matrix.

If we choose 01 = o = 5 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

R (p) = Ry (p) = diag(—¢'2,e7%,1,1). (3.6)

This is nothing but the charge conjugated reflection factor:
0—i 0 0

Ry = CRyC ™, C = (3.7)

1 0
00 01

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 YY 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 description 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 (2.5), 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 —p; on all particles to the
left, reflect back from the left boundary and scatter back to its original position; we have to

—2ipkL - During the scattering processes the labels of

arrive at the same state multiplied by e
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 (Ré(p)s(p,pl) .S, pm) Ry (p)S(Prr, —p) - - - S(p1, —p)) : (3.9)

where we used the non-graded S-matrix S = Sy S®.S, in the su(2) normalization (S}1 = 1).
On the left boundary R;—Z (p) is introduced in (3.9), which is different from the standard
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definition [49]. Nevertheless the two are equivalent up to an overall normalization [43, 50].
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 = p;, 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 + p2To — p3Ts — psTy, (3.10)
where
Ty = Sii(p.p1) - - S1i (0, par)S1i (s, —p) - St (p1, —p) = 1
Ty = S5 (p,p1) - - S31 (0, p2a)S13 (s, —p) - - S13(p1, —p) (3.11)
Ty =Ty = S3i(p,p1) - - S5 (0, par) S13 (par, —p) - - S13(p1, —p)
which explicitly read as:
M+ Y (ot (—)+
T_H(x xzl) (x —|—xz)_R
T @t ) @+ al) T ROY
" (3.12)
T H (at — ) (@t + )@z —1) (272z; +1) RO BO)-
2 = — T - _ — = _
o @t )@t e ) (@ 1) (e 4+ 1) R+ B
The p; (i = 1,...,4) can be calculated following the considerations in [43]. The result
turns out to be
14+ (7)) (z~ 4+t 14 (z5)?)(z= + a2t
e Q@ P ) (@ et
20— (1 4+ xtax) 2et(1+ax—at)

Clearly = <+ o exchanges 1 <+ 2 and 3 <+ 4, and thus acts as conjugation, under which
the YY ground state is invariant. The momenta of the state are determined from the

following asymptotic boundary Bethe-Yang equations

e 2P (p)?dya (pr) = 1, (3.14)
where we introduced the proper normalization factor
: e “"R; (p)
dy1(p o pi)So(pj,—p),  Ro(—p) = o5 —~, (3.15
v) = 1;[ 1)So(p;, ) =p) So(p, —p)p3(p) (3.15)

which is determined by the boundary Bethe-Yang equations for one-particle states (D.1).
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
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transfer matrix, in which mirror bound-state test particles of charge a are scattered and
reflected through the multiparticle state, are generated as

o

Waley = A=DpiTiD)(1=Dp3T3D) ' (1-DpyTyD) "' (1-DpeTyD) = Y _(~1)*D*T,1 D",
a=0

(3.16)

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™) -t ut N\ ut B >
—1 2 2 amya a
Wty = (80 (107) " (1) (102 DB - Sy

a=0
(3.17)
The relation between the normalizations is of the fusion type:

Top = flortlflem?lpBmelfimer o f = Typs. (3.18)

Explicit calculation gives all the antisymmetric transfer matrix eigenvalues

- Rl
(=1)*To1 = (a+1) l_L +a u_ l —
ul=al ul=al R(=)lal (3.19)
ut B4 uw Rl g(=)-d '

+(a—1)

@ Fd B ul—a RO g=dl

3.2.1 Boundary asymptotic Bethe Ansatz equations for generic states

Comparing eq. (3.19) 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

Alp) =
(x*(p))m RO\ RWTB Ry B Ry @t RiB{Q,”  BURIBj
x=(p)) RO+ |"" RO BFfRY ""BIRT Q2 R By Q2 B~ Ry By |
(3.20)

where as in (A.4), B1R3 and Ry B3 represent type 1 Bethe roots denoted by y;, and Q2
represents type 2 Bethe roots denoted by ;. Regularity of the transfer matrix at the roots
gives the boundary Bethe-Yang equations. Type 1 roots are specified as 7 (p) = y;, type
2 roots when u(p) = fi, finally type 3 roots when x~(p) = y;l. The corresponding Bethe
equations read as

RO+QST ﬁ(p):yj_ " pa RIBIRIBFQ;~

ROTQs . P RIBIR;B;Qf" BO-0,

= —L W
u(p)=fi Q2

=—1.

z=(p)=y; '
(3.21)
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The Bethe Ansatz equation which determine the momenta are
6_2ipkLA(pk)2d1’1(pk) =1. (322)

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 (3.19) for the eigenvalues of the transfer matrices simplifies

considerably:
4
Toy = (—1)" 2% (3.23)
’ u[_a]
They constitute part of a solution of the T-system
T(j:ST;S - a—l,sTa+1,s + Ta,s—lTa,s—l-l 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 repre-
sentations are generated via the inverse of (3.17):

ut N7 ut e
=(1+D—D 1-D—D)(1-D* (1+D? =S DT, ,D° 3.25
Wai = (14220)  (1-90) (1-22) (142 S on, (52)
which results in

Tis=(—1)°2

[s] szl s

u u

1+M+2ZM] . (3.26)
k=1

The T-functions on the boundary of the su(2|2)-hook are

00 =Tao=1 (a=>0), 2Q =4Q2 = L Tor, -1 (@ =>2). (3.27)

The asymptotic Y-functions are defined from the T-functions as

Ta s+lTa s—1
Yoo =57 3.28
“e Ta+1,STa71,s ( )
for s > 0. For s = 0, (in a similar analysis for the su(2) sector) Y;o(px) = —1 should

provide the boundary Bethe-Yang equations (3.14). This allows us to restore the correct
normalization:

Yio= f1,1T12,16_2in7 fi1=dia(psTs)?. (3.29)

The normalization of the bound state transfer matrix eigenvalues follow from the bootstrap:

foa = AR (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, o

in u to the mirror plane:

—\ 2L [~a] 4 2 —\ 2L 16 2 9 —\ 2L
_ 2 () Y fau 2 ) o 2ew (F
Yao = JaiTa, <z+> ~ uldl <u[a]) <z+> byl <z+> - (83

where we denote the analytically-continued variables 2= by 2%, which can be parametrized
by the mirror momenta ¢ as:

a

. q+tia 1642

We can compare the Y, o functions with the integrand of the vacuum Liischer correction [48,
50] calculated directly from the reflection matrices:

ngg / )¢ ;R (-1/2%)CF <;>2L. (3.33)

As charge conjugation exchanges the Y = 0 boundary with the Y = 0 boundary, we simply
square the analytically-continued bound state reflection factor (3.4) and perform the trace.
This gives for the matrix part

(2 A ;) a(ij;)z . (3.34)

The prefactor was already calculated in [50]

4(1 4 z+27)?
(2t + F)z + 2)(z~ + 2H)?

Ro(25)Ro(—1/2F) = (3.35)

Squaring the matrix part and multiplying with the scalar factor exactly reproduces the
transfer matrix result (3.31). A further check on the Y functions obtained with the aid of
the generating functional is described in appendix D.

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:

00 [e.e]
dq 2 ¢ 4g'L (4L
- = 16 =— AL —3), (3.36
Z/ - @ r a2 T AL —1\2L ¢ ), (3:36)
—0o0

a=1

which agrees precisely with the gauge theory result (2.12) for L > 2, and diverges at L = 1.
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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) = R, (—p) on the left boundary. The reflection factor in the totally
antisymmetric representation can be dressed as:”

(cos2 fe s — sin? Hei%) I, (sin&cos@ (e7'% + ei%)) I, O 0

R; (p) = (Sine cos (e_ig + elg)) I, (Sin2 0 e_ig — cos20 eig) I, 0 0
0 0 HaJrl 0
0 0 0 —la—1
(3.37)

3.3.1 Liischer correction

In order to calculate the Liischer correction for the ground state energy, we start from the
expression in eq. (3.33). Only the matrix part is deformed by the angle:

a(2 4+ sin?0(e” + e~ ) — 2cos? ) = asin®f [2 + <z_ + i)]
z z

(2t +27)?
ztz—

= asin® 0 , (3.38)
which shows that we simply have to include an additional sin® @ factor compared to the
Y'Y system for each su(2|2) wing. The resulting Y-functions are

16a%u?

YaO_

—\ 2L
. . z
0= m Sln2 91 Sln2 02 <+> s (339)

z

which at leading order leads to the wrapping correction

4g% (4L

AgE(L) = —sin? #; sin® 6,

T 2L> C(A4L —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 (1.1).

The generating functional for the vacuum in case of a generic angle is analyzed in
appendix E.

4 The YY ground state BTBA

In this section we derive the ground state BTBA equations for the Y'Y 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

"This is not quite the same as fusing the already-dressed reflection matrices.
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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 [32, 51]. 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

assumptions:

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.

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. [32, 53] 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].

8These assumptions are also supported by the asymptotic solution of excited states.
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For the ground state of the Y'Y 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,+i/g} positions are listed below.”

® Yo, Yu, Yo uw, and Yo, 1), have double zero at u =0 for Q,m =1,2,....

1

Ym|vu)

® Youuuws 1+ Yomjuw, 1 — i, and 1+ have double pole at u =0 for m =1,2,...

e Yj and Y}, have simple poles at u = +i/g.
® Yy,,_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 Y7 denoted by J and A, respectively [32]. The
derivation of equations for these quantities requires the usage of discontinuity relations
of [51]. 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:

L — log [72 <1 _ é)] , L = log [72 <1 + lelvwﬂ , 7(u) = tanh(ﬂiu(:l)

The discontinuity function A satisfies the following equation:

AN=2Z —2AL + L)%K -2 Lnxkm+2W—2Lprealogz’ + Areq,  (4.2)

m=1

where A,eq is given by10
Area =2 J9 5 (KN — g12M]) (4.3)
N=1

and the source term W is given by the integral representation:

W = /+/ dvlogT(v)K(v,u)—l—/dv logT_(U)K(v,u)—i—/dv log 7 (v) K (v, u),
[

v [ [ (-]
(4.4)

%For 14+ Y and 1+ 1/Y type combinations only the real singularities relevant for BTBA equations, so
only these points are listed.
0Here the e description means, that the integration contour goes just above the real axis
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where [£7] means that the integration runs along the lines v + iy from —oo to oo, with =
being a small positive number. Starting from the discontinuity function (4.2) and apply-
ing 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:

(14 Yot 1jow) (1 + Yin—1jow)
Yonjow = 7° exp {log [ - (1|Tym+1) P ks, mz2, (4.5)
(1+Y 1-Y_
Y1|'Uw = 7- exp {log |: 2’1)11)):| * S +10g |:1_)/+:| * 5}, (46)
+1
Ym\w = 2( o exXp {log [ 1 + Ym+1|w)(1 + Ym—1|w)] *3} ’ m > 2, (47)
-
Yijw = 72 exp 1—}—Y2|w * s+ log . —| %55, (4.8)
N K
Yoi1Y, 1+Y,
Yo = 72 exp 2QH Q-1 Q- 1|”w) *sp, Q>2, (4.9)
Y 1|vw 1 +YQ+1)(1 + YQ 1)
Y.
7o =P T Zlog (1+Yg)xKgy ¢ - (4.10)

Q=1

1+Y, -
V.Y = 7hexp {210g [H;W}} *5 + E log(1+Yg) » [-Kq + 2K Q! *5]| } (4.11)
1w Q=1

The symbols *, % denote the convolutions defined in (A.4) of [32]. Equations (4.10) and
(4.11) determine Y1 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 L.h.s. of (4.10) and (4.11) by the formula:

Llog ViY_ 41 log 1=
YVe=—e2 BT (4.12)

For the massive Y-functions we present the hybrid form of the BTBA equations.

log Yo = —2LprBa&Q + fo + 210g(1 + Yo 1jpw) * 5 + 21og(1 + Vijy,) * s * Ky

VW

1-Y_
—QIOg[l Y] Fsx K19 422 % K9 y29, % KY9

— Yy (4.13)
oo
+ 3 log(1+ Yo) » [KQ(C;))+23*K8U;1 Q] Q=12,...
Q=1
where the source term fg is given by:
fo=log7® —log7?x K¢ — 2Wg, (4.14)
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with

Wo(u) = /—i— / dvlogT(v) KgyrQ(v,u)—i—/dv log 7~ (v) K¥% (v, u)
M= [v] (4.15)
+ / dv log 7 (v) K4 (v, w).

(-]

The parameter Lprpa in (4.2) and the hybrid BTBA equations (4.13) is related to the
R-charges of the determinant-like operator denoted by L in the previous sections. In
particular Lgrga = L for the ground state.

The energy of the YY ground state after subtraction of the bare dimension is given
by the formula

> 20 [ du dp@
Eprpa = Z EQ) = — Z /0 5 g log(1 + Yg). (4.16)
Q=1 Q=1

This BTBA energy corresponds to the energy of a single open string. The total dimension
of the determinant-like operator (2.5) with W = ZL,V = ZI' is written as

A[O;Z/;’ZL ] = Apare + EpTBA(L) + EBTRA(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 Y] located at the origin remains fixed at any value of the
coupling constant. As a first step let us invoke the Y-system equations

Yy (1—-Y_)?

+y— —
YiY| “YZiiy,

(4.18)
At the level of the asymptotic solution, the double zero of Y; at the origin is related to

a simple zero of 1 — Y_(v) at v = ié. Suppose that wrapping corrections change the
quantization condition as

Y. (v)=1 at v= ; —i5 & Yi(v)=0% (double zero) at v=—is. (4.19)

Since Y_(v) is parity even, this equation should be valid after the parity transformation
v — —v, which implies Yi(v) = 0 at v = +i6. Now if we take the asymptotic limit, Y}
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.
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4.2 Lower bounds for TBA energy in AdS5 x S°

In this subsection we show that the energy which can be computed from the BTBA equa-
tions of the Y'Y 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 (4.16) 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 —* d ~ g for large v and at any @, Yo (u)
must decay faster than 1/u at infinity. This s1mple remark constrains the range of the
BTBA energy, because the large rapidity behavior of Yy is governed by the exact energy
through the formula:'!

log Yo (u) = — (4L + 4EgTBA) log |u| + O(1), (Jul > 1). (4.20)

This gives the large rapidity lower bound for the energy:
4L 4+ 4FEpTpa > 1 & EpTpa > % — L. (4.21)
The convergence of the sum in (4.16) imposes a stronger constraint on the energy.

Since dg £ = O(1) at large Q, Yo must be sufficiently small for large Q. Let us investigate

the large ) behavior of the summand:

BQ) = - [ 5 T los(1-+ Yo(u) (422)

Since Y is small for large @ in (4.22) the log can be expanded and at leading order one

o du dpQ
BQ =~ [ 5 P9 Vo)

As it is shown in appendix F the large ) behavior of Y can be deduced from the BTBA
equations, and it can be expressed in terms of the asymptotic solution as follows:

Yo(u) = & f€(u) F9(u) YS(u), (4.23)

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

can write:

of f(u). The explicit functional form of f is not important except for its leading large u
asymptotics:
fu) =u2EsmBA(1 4 ), (4.24)

where the dots mean contributions negligible for large u. Changing variables u — @s:

—Q/ 2 99 (s f(Q(er;)) f(@(s—g)> Y3(Qs)

"The formula (4.20) can be derived from (4.13). The ~ L term comes from the £g term, while the

~ Eprpa terms originate from the ) log(l + Yy/) * K5[(2) term by exploiting the following large u
Q/7

expansion of the kernel: Kf[)(/g (tu)=—1+ Zf' log [u| + O(1).
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and expanding all terms for large () one gets:

00
2

169 3—4L—4EpTRA S 3—4L—4EpTRA
E(Q) ~ —ﬁfQ als(s2 RS R AR RS (1+...) x @ ,
g

’ (4.25)

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 +4FEgra > 1 o Egtga > FEoe=1— L. (4.26)

This formula gives the lower bound for Egtpa, which is stronger than the bound given
in (4.21).

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 (3.36). Concerning
the L = 1 state, it is not clear if either the BTBA equations (4.5)—(4.13) 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 (3.23), (3.26).

Finally we argue that the lower bound (4.26) can never be saturated. This follows
from (4.16). If the energy reached the lower bound, the Lh.s. of (4.16) would take finite
values, i.e. 1 — L. On the other hand the sum on the r.h.s. of (4.16) 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 (4.26).

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.

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 G. Our numerical
results are presented in appendix G.4 and figure 4, which we now explain in detail.

The left figure shows that the BTBA energy for the states with L = %,2, %,3. 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 (2.4) with W = ZL or V = Z%. One
sees that the energy loses precision at some critical value g.. of the coupling, as indicated
by huge error bars spreading out toward Egrga = —oo. The right figure shows a plot of
Jer as a function of L. A linear fit is also drawn under the assumption that g., = 0 for the

L =1 state, because the Liischer energy at L = 1 diverges logarithmically.
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Figure 4. The exact energy Egrpa(g) of the YY 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 energy, and the dotted lines E., = 1 — L. The blue, purple, green,

5.3, respectively. The straight line in the right figure is

brown curves correspond to L = 3 2,3,

L(ﬁt) (gcr) =1 -+ 042 Jer-

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

(data dv p d’l) p °
gl Z / Q log(1+Yo(v)— Y / Q log(1+Y5(v)), (4.27)
Q Qmax+1

with Qmax = 6, instead of (4.16). Here we truncate the Yy functions at Q@ = Qmax
to obtain a numerical solution of BTBA. Unfortunately, the truncation can induce large
errors particularly around the critical point Egrpa = Fer -

To estimate the order of truncation errors, we extrapolate the energy integrals Eq
using the large @) behavior (4.25). The extrapolation function is given by

0 AL+4ESY.  (Q)-3
B = (%) E(Qu). (4.28)
where the extrapolated BTBA energy is given by
(fit) Q (fit) 100 < dv dpQ o
Byra(Qmax +1) = D EQ) + B (Quax +1) = oo P2 log(1 4 Y5 (0)).
Q=1 Q=Qmax+2

(4.29)
We solve these two equations simultaneously to determine E®) (Qmax + 1) and
EBTBA(QmaX+1) By repeating this procedure we obtain E](gﬁ;BA(Qmax = 100). It turns out

5Eprpa = BN _ B (Quax = 100) >0, for any (g, L). (4.30)

The upper edge of the error bars in the left of figure 4 represents E](nga]g27 and the lower edge

represents EBTB A(@Qmax = 100). The right edge of the error bars in the right of figure 4
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E(data)

represents the value of g at which Egppa =~ Eer, and the left edge represents the value of

g where E](ggA(QmaX =100) ~ Eq; .

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, bound-
ary Lischer formula and boundary TBA equations. At weak coupling we computed the
Liischer corrections to the dimension of general Y'Y states. For the Y'Y 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, Aiotal to the total energy in string theory, Fioia. In gauge
theory, the Y'Y operator (2.4) 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 Figtal = 2N + Eopen + E(’)pen . Therefore, when

W = ZL the physical energy of the open string is
Eopen = B, + EgrpaW] = L — 1+ Eprpa(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 Eprpa(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
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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.

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 A/ = 4 SYM. On the other hand the BTBA
description based on the Liischer Y-functions gives an unreasonable value of the energy, as
commonly found in the non-BPS state with small L [37-40]. 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 3

The notation of the paper [43] is used in section 3 and appendices D, E, namely

VA

2

B Lz z> v v o U U
=2z = flvt= = 1— — = — 4, /——1,/—+1.
(A.1)
The rapidity v (or u) and the momentum p are defined by
1 » +
Yoy =, er= (A.2)
g x x
and the mirror energy is given by itg = e‘@. In addition, the variable ¢ is defined
in (3.32). We use the shift operator
Df(u) = f <u - ;) D= fD. (A.3)
In the integrable description, generic states are specified by M momenta {p1,...,pa},
my type 1 fermionic roots {y1,... ,Ym, } and mq type 2 bosonic roots {fi1 ,... , fim,}. The

eigenvalue of the double-row transfer matrices can be expressed by the following functions:

M M
1 = TL )7 00) @orra ), 89 =T (S5 -o70) (S5 )

paiey Lz (p) z(p)

By Ry = [] () -5) ()35 o= [T (5o-w) (5o40) - (Aa)

e oz (@) z(p)
M m2

Qu) = [T = wi)(u + ), Qa2(u) = [T = ) (u + fu),
i=1 =1

A.2 Notation for section 4

In section 4 and appendices F, G, we start using another notation commonly used in the
TBA equations AdS5 x S° (e.g. [54]),

A ' — V4 —v?
f f:t:f<fuj:z>, :L‘(U) v—1 v

9

_ VA A A.
9=5" , (A.5)

2

which enables the direct comparison with the literature. It should be kept in mind that
the finite-size corrections are computed using the mirror region in (A.5) or the anti-mirror
region in (A.1) for the respective notations. The two conventions are related by the +-flip,

z* — 2T, and

§=g, @:%v, r=z, (=29 =2@=2)=1, (A.6)

where we write a bar on the variables of the notation (A.1).
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The Y-functions are labeled in different ways between two sections as

Yo=Yq0, Y-=-1/Y1i1, Yi=-Yao, Yguuw=1/Yot11, Ygu=Y10+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 determinants 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
b by
€ N ey Ly Oag Oan_y = (N — 2)!6?,11;]1\;’, 63,11;;\;’ = 5%5;}1\;’ - 5;;52?. (B.1)
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

(N-1)

—1)16 ) - - . /

- HGZ&&JJ ot (¥ (0)15, (VO @), ¥ (@)L, OV (@)W (0)y )
(N —1)16

“Tvo1) [<Tr[V<O)V’(a:)] TrW(O)WV ()] Tr[Y(O)Y(x)]>

aian ccn ahahy o _ oo - d - Y
€yp Oa ity Ody <Y(0)bé1W(0)déVNV(0)bN V(@) V(@) W) >

e /
N N N

(B.2)

- <Tr[Y(:c)V(O)17’(m)Y(O)} T W)WV (2)]

- <Tr[V(0)17’(x)] Te[Y (O)W (2)W(0)Y ()]

~— ~——

- <Tr[V(O)]7’(x)Y(0)V_V’(x)W(O)Y(:L")]>] .

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 prop-
agators, the first term in brackets scales like IV L+Ll+4, the second and third like N L+L/+3,
and the last one like N2tL'+2. The first seems to dominate, but the combinatorics assumed
that Tr[Y (0)Y (x)] interacts with one of the other traces, otherwise it was accounted for
already in (2.7) (and gets multiplied by the factor (N —1)~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 V.

The second and third terms on the r.h.s. of (B.2) give an interaction on one side of V(0)

and on one side of W(0). The interaction with Y (0) and Y (z) will lead to the interaction
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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 W or V.
With two copies of (B.1) we get the index soup'?

Nfllﬁ aia cre aa e _ _ _ _
((zv—l))fbilbﬁf €D Corbn Cdrdy <Y(O)b}hY(O)ngW(O)dgNV(O)b’Y V()7 Y(2) V()" y W) >
(B.3)

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

o 6 ATL'+1 ’ _ ;o / _
(V (Nl)_' 372 ot o (W0, (V@)Y )5, W)y (Yo @)™ ). (B.4)

The piece with the maximum number of traces is of the form

<Tr[Y(O)§7(x)] e[V (0)Y (2)] Tr[W(O)W(:c)]>. (B.5)

The planar contractions of this expression will give another factor of N¥2 but the com-
binatorics assume that there are interactions between all Y and Y (otherwise we have to
multiply the whole expression by (N — 1)~2 and recover (2.7) again). The connected cor-
relator (Tr[Y (0)Y (z)] Tr[Y (0)Y (x)]) is independent of both W and V. Such contractions
arise also in the absence of the insertions and lead to a mixing of the determinant opera-
tors themselves through the action of the full non-planar dilatation operator [55] 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 WW and V.

The leading wrapping correction comes from the single trace term in (B.4), which leads
to (2.9).

120ther graphs of the same order (or lower) will involve interactions of two Y's taken from one operator
and two Vs from the other. These will not lead to wrapping effects, as they will all sit on one side of W or
V and will not lift the energy of the vacuum.
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C Solution of the integrals

The loop integrals for the wrapping corrections are obtained by unifying in figures 1 and 3
all fields Y (0), Y(0) and Z(0) at the space-time point 0 and regarding the fields Y (z),
Y(z) 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 Is;, which for generic
L > 2 is shown on the right in figure 3. Since Iy, 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 = 2eA0yIn Z. Consistency of renormalization requires that In Z is free of higher-

order e-poles.

For L = 1 the two-loop integral Io that is found from figure 1 and its overall UV
divergence 7 read

I = <O ., In=KR[lL] =K[l, - K[L]L] = fo)“( — % + 2%) , (C.1)

where in D = 4 — 2e dimensions the operator K extracts the poles in £, while R subtracts
the one-loop subdivergence. The subdivergence is given by the simple one-loop integral
I built from two propagators, which has an overall UV divergence K[I;] = ﬁ. In the
expression for the overall UV divergence Z, in (C.1) 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 1. 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 3. 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 [35] and it was proven recently in [36]. In our conventions,

13For other examples of such integrals see e.g. [56] and [57].
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the result of [35, 36] reads

Ty, =Kl = 2= (2” - 2) (1- (= (1M )c2n - 3).

(4m)2nen2\ n —1 -3

In the following, we will summarize in brief the argument presented in [26], i.e. the
mapping of the integrals in figure 3 to the zig-zag integrals. We set n = L — 1 > 2 such
that the respective loop integral contains 2L = 2n + 2 loops and consider the dual graph'4

Ionyo = = : (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 Zg = Zy,.

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,

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

k—n+1= 22k—2 k e Tn—1 k—n-+1

= 22k—2 k—n+2= 22k k+ e n—1 k—n+2,

(C.4)

where the subgraph zo; is obtained from 295 _o as follows

| %0 = , | R = k2 (C.5)

i.e. z91 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

I2'n,+2 — Z22n—4 — 22n—4 = . Z2n = IZ2n+2 , (C6)

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 29,4 with 2n — 3
triangles to a zig-zag line z9, 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 (C.2). 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 ob-
tained 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
L= e 2PLRE (—p)Ry (1) (D.1)

where ]R;;(p) and Ry, (p) are given by egs. (3.2), (3.3), (3.6). Using them in eq. (D.1) gives
1 = 2Lt 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 2P g (p, —p)? (D.3)

is obtained. Therefore, in the weak coupling limit

1
pn:Liln for bosons, pn:L:TLl <n—i—2) for fermions, n=1,...,L.
(D.4)

Note that this is consistent with supersymmetry being broken.

For the computation using the Y, functions, one can repeat the same steps taken
for the Y'Y case. Since Sp(p,p1) is the same as for the Y'Y case, eventually the complete
normalization becomes (see egs. (4.9-4.11) of [43])

2
[~a] [-a] Qla—1]Qll—d] 402 \? g—iaq Ql-UQl-al
a,1=<z )u Q1 2( g )q ia QI*~1Q D.5)

Z[a} u[a} Q[a+1}Q[flfa} q2 4 a2 q—i—ia Q[a+1]Q[flfa} '

From the weak coupling limit of (3.19) we find for the eigenvalue of the double-row transfer
matrix (3.19)
aqP(q, a, u(p))

Ta - _1 @ 3 D6
1= D g e Qg e
where
P(q,a,u) = (=34 ¢* + 2a* — 8u? + 2¢*(—1 + a® — 4u?) + (a® + 4u?)?). (D.7)
Thus
Voo~ fo T2 o2l _ A a*q* P*(q, a, u(p)) 462 \** D.8
a,0 — fa,l a,1€ =9 (q2 + QQ)SQ[‘H_”Q[_l_a]Q[a_”Q[l_a] qg ¥ a2 ) ( . )
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and we can compute the leading weak coupling correction to the energy of the 11 particle as
AB(L)=-Y / 0= ResYay. (D.9)
0

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

Y =0

Z/ Klz Sjb( ,p)K (q)Sé:ch(_q’p)e—%aL‘
(D.10)

Here c 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, Kl for the Y = 0 and
]Kj,*C for the Y = 0, are related to the reflection factors (eq. (3.4)) by analytical continuation
K% (z(q)) = (CﬁR%(% —2(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 = Sp S ® S and K = Ky K ® K, the energy correction can be

written as

Z/ *Ko )So(q, p)Ko(q)So(—a,p) [Tr (K ()S(q,p) K (9)S(~q,p))]” e 2L .

(D.11)

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

Kjl}z -7 = K]l,}z—j = (_1)j7 Kja 2—j = Kj a—2—j = _(_1)j’
KXy —Kii_l_j:—i(—l)%_&“/?, KB =KP | = —i(—1)Y¢%/? . (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)+i)*
(D.13)

Tr (K(q)S(¢,p)K(q)S(—=q,p)) = —
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Using this together with the fact that Ko(q)Ko(q) = Ro(z(q) — %) Ro(—2z(q) — “) in place
of eq. (3.35) and the explicit form of Sy(g,p) given in [50]

(2u(p) +)*(2u(p) — g +i(a — 1))
(2u(p) — ¢ —i(a+1))(2u(p) — g —i(a —1))(2u(p) — g +i(a+1))

we find that the expression (D.11) exactly reproduces the integrand, Y5 o, of the previous

So(q,p) = +0(g%),

computation (D.8).
For completeness we list here the first few cases of leading Liischer corrections computed
from eq. (D.9)

L=1 p=5:  AE=2%"(4(3)-5(5)) , (D.14)

L=2 p= g : AE = —27¢12. gg(5) , (D.15)

L= p=2. AB=2g" (8;«5) - 214(9)) , (D.16)
_ _ T g6 (15 @ 429

L=3 p=y: AE =2 ( 1SN+ 1) - 256g(13)> (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.5).

We now calculate the asymptotic solution of the T-system (3.24) in the rotated case
from the already explicitly calculated anti-symmetric transfer matrix eigenvalues:

dau

= sin® . (E.1)
U a

Ta,l = (_1)a

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

16ubslyl=sl 4
TQ,S = TS,Q = W Sin 6, (S > 2) (E2)
The expression for the symmetric transfer matrix eigenvalues has a complicated form (cf.

eq. (3.26)):

Ty, =2(-1)° [ (1 + ) +2 Z a’“ssl;k]] (E.3)

s—1
-1 k
ap,s = Z(—l)k <S 2 > (S * > cos?* @ sin® 0 (s >0), als = Qs s = 0,100,515

S
k=0
(E.4)
and apo = 1
Remarkably, these transfer matrices can be generated from the following generating
functional

+ —1 + [e's}
Wanz) = F (DZ_D) (1 - DZ_D) (1-D%) F (D) ' =Y. DT, D*, (ES5)
s=0
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where F(z) is given by

F(z) =+/1—2cos(20)z + 22. (E.6)

Evidently F(z) can also be written as

F(z) = /(1 - e2)(1 - e-i292), (E.7)

which is a simple deformation of 1 — z. Indeed, for # = 0, the vacuum generating func-
tional (E.5) reduces to W =1 (i.e., T1s = 0 for all s > 0, which is consistent with the
supersymmetry of the Y'Y system); while for § = 7/2, F(z) = 1 + z and therefore (E.5)
reduces to the YY generating functional (3.25).

We now verify that the inverse of this generating functional reproduces our previous
result (E.1) for the transfer matrix eigenvalues for anti-symmetric representations:

oo

+ N\ ! +
Ws_ué) =F (DQ) (1 — 732)—1 (1 _ DZ_D) F (’1)3_@) _ Z(—l)aDaTa,lD“. (E.8)

a=0

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

= i anz". (E.9)
n=0

By expanding the inverse operators, we can write

Wﬁu%2) :Z%DQ Zpk MED Dk Z mD

(E.10)
_ Z (k} + 1)Dn+m+k MDTL-“?’H-F’C
= Oy, g Er—— .
n,m,k=0
Comparing with (E.8), we can read off the following transfer matrix eigenvalues
a a—n 4au
Ton = au[_a] Z% Z:Ooznozm (a+1—n—m)=(-1)%sin O (B11)
n=um=

which coincides with our previous result (E.1). In passing to the last line we used that

a a—n

s(H)EQZZanam(a—i—l—n—m):—llr%PP (Zzanam$n+m a— 1)
n=0m=0 S n=0m=0
= — lim PPi((l — 2cos(20)z + 22z~ Y) (E.12)
r—1 xX
_ : d —a—1 —a —a+1y __ i 02
= _il—% dx(x —2cos(20)z™ % + x ) = 4asin“ 6,

where PP denotes the principal part of the Laurent series, i.e. terms with negative powers
of x.
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The generating functional can be rewritten in the following form.
U+ —1 00
-1 —1 2 2 aya a
Wl=wol = (1-D%) g (D)3 (D D) <1 —DU_D> = (~1)"D"T,1(6)D".
a=0
(E.13)

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

g(DQ)g(DZJ_FD) =1-DHw (1 - DZJ_FD) (E.14)
We now use the relation between the generic 6 case and the 6 = 7/2 case:
Tu1(0) =sin?0 T, (7/2), a>0, (E.15)
which implies that
W )1 = i(—l)GD“Tal = sin ez 1)*DT, 1 (7/2)D* = sin® 0 W~ (n/2)—1] .
o (E.16)

Substituting this result for W™!(6) into (E.14), and recalling that W~!(%) is given by the
inverse of (3.25), we obtain

9(D?) g (Df@) — (1-D? [cos? 6 +sin?0 (1+D?) (1-D?) "

(o) (nt) ot

+
= cos? 0 [(1 —D?) <1 = D“_D)] +sin?0 [(1 +D?) <1 + D“_Dﬂ
u u
ut ut
=1—cos(20)D <1 + _) D+ D*D—D.
u u
(E.17)
Clearly the square roots have disappeared. This function can be written as (1 —D2A)(1 —
A‘lDZ—fD) where A is the solution of the following equation

+

1 u+ U

Although we have not managed to find its solution for general angle, explicit solutions can
be obtained at special values of @, such as

A(mo=T) al O L)

a” =1, (E.19)
or

Aw,0) =1+ (1 - T(“)> 0% + 0(6°),
Y , (E.20)
r(u) = % <3 + Siu + % 4D (—1,1,2 — 2iu) — 49 (2 — 2iu)) ,
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where ¢ is the digamma function and ®(—1,1,z) = S_72(-=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
RO ut ut BM) _yt
Wﬁ[@) = (1 D R(+)> [1 cos(20)D <1—|—u_> D+D Du— D} <1 7B(_)D—U_’D .

(E.21)

F The large Q behavior of Y

In this appendix the large @ behavior of the Yg functions is determined. As a first step the
large m behavior of the Y,,|,,, functions is investigated with the help of (4.5). For large m
the factor (1 + Y};,) becomes unity and Yy, 41}y = Yo uw substitution can be done. Thus
for lager m at leading order Y,,,,, satisfies the equation:

Yopjow = 72 exp [21og(1 + Yy p0) * 5] | (F.1)

such that the large v asymptotics is given by:
. 2 1
lim Y, (u) =m* (1+0(—) ).
U—00 m

The solution of this equation modulo % corrections is given by the asymptotic Ync;‘vw
functions. Thus for large index Y,,|,,, 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 (4.9). For our considerations it is worth to convert

it into its Y-system form:

2
+y- 1 )
Yo Yo _ (1 MRCETE
Yo-1 Yo (1+Yo-1) (1+Yg41)

(F.2)

In the large @ limit it becomes:

T 2
YoYq — |14 % ) (F.3)
Yo-1Yo+1 Y,

Q—1jvw
Now, that solution of (F.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 Yé.

e The large u behavior of the solution is given by (4.20).

5Here the fundamental strip means 1/g < Imu < 1/g.
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To satisfy the first requirement and solve the nontrivial part of the Y-system equation, we
search the solution of (F.3) in the form: Yy = oq Yy, where o is introduced to connect
the different large u behavior of the exact and asymptotic Yps. Then it follows that og
must be a zero mode of the Lh.s. of (F.3):
+ —
%% g (F.4)
7Q-10Q+1

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

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

e = ¢ 1(u+ Q) 7(u— 1), 5
g g

where ¢ is a real and coupling dependent constant, the function f has the large u
expansion:
f(u) = u=2FBTBA(1 + .. .) 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
Y is given by formula (4.23).

G Solving the YY BTBA

The details of numerical computation which yielded the results in figure 4 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 in-
tegrand. Our algorithms are implemented as Mathematica scripts which are executed by
CPU clusters.

For notational simplicity, we write the BTBA equations (4.5)(4.13) as

L(Ya) = L1+ V) % Kpa, (G.1)

where we introduce the symbol

1+Y, LY,
Z(liya)_logliyao’ X(Ya)—logy—;’, (G#Q)’
Y,
L(1+Yy) =log(1+Yy), L(Yg)=log 7‘2 . (Y5=0). (G.2)
Q
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In the first line we take the positive sign for bosonic Y’s and the negative sign for fermionic
Y’s.'6 The normalized variables .Z(1 + Y') have better analytic and numerical behavior
than log(1 +Y).

G.1 Algorithm for nonlinear problems

Iteration is one of the simplest methods for nonlinear root-finding problems. We solve the
equation (G.1) by iteration of one-dimensional integrals as

L) = B[y, = 2(1 £ V™) % K, . (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 dF,/0Y} 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

L) = )W (V) + (1 =y 2 (v M) (G.4)

a

LYy = 201+ V") % Ky, (G.5)

where p(™ > 0 is a relaxation parameter. For simplicity we choose the same relaxation
parameter for all Y-functions.

The updating rule (G.4) says Y1 is related to Y™, Y™ to Y(»=1 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 (G.4) only for the
first p steps, and use a truncated rule later on:

LY) = (1= py) 2y 0) + Y (1= p)E 2 (V) (0 <n<p),
k=0
(G.6)
p—1

L) = (1= D) LT 31— LTz p+),
0

e
Il

(G.7)

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 (g, L).

YThe Y4 functions appear also in the form of .Z(1 — 1/Y%), which should be defined in accordance
with (G.2).
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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 IV, , 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 {t;} 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 {t;} 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 t < M} and an extrapolation function for ¢ > Mj,, and combine them together as

2 w) = {20 @) [ te0.ml} v {LE7 W) [te (s, +00)f,  (G8)

and compute the integral £ (1 + Yb(ﬁt)) * Ky, (v) through

o (&)
21+, () =log (1 = (t)leiplf[bft()n ®)] > .

(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 (4.13), namely the dressing phase
kernel KCEQ,Q(t, v) and s x K%;l’Q(t, v) to accelerate computation.

We used the third-order spline to obtain .# (Y})(in) (t)) from the data points {Y3(¢;)} for
t; < My . The extrapolation was constructed via the ansatz

ex 2 C(Z) ex — w2 C(Z)
L) =Y L (b= Mow, Mw),  ZEE 1) = log(t) + Y -
i=1 1=0
(G.10)

The order of extrapolation n, should not be too large, as the extrapolation tends to oscillate
wildly around the cutoff ¢ 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
N, is sufficiently large. Since we know that the normalized Y-functions .Z(Y;(t)) go to
zero for at large ¢, we want to choose the value of rapidity ¢ = M, such that |.Z(Y;(t))]
decays monotonically for ¢ > M. To estimate a good choice of M}, we define the “width”
of Y-function W3 by

1 19 21
YQ(WQ) = 20 l\fgﬁ [YQ(U)] ) YJVI\vw(Wthw) = 20 M (M +2), YM\w(WM\w) = 20 M(M +2).
(G.ll)
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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 Wy, < M, < 8W, .17

The distribution of sampling points for a bosonic Y-function is determined from its
width.18 Concretely, we used the following semi-uniform distribution for ¢ € [0, W}]:

W, W, 3W, (W, W, 3W, W,
Aty = —C(o<t<2)bud 2 (2 cpc 20 Ry 200 (20 <y oy,
i {4Np< =ts 16)} {41\7,,(16 =ts 4)} {2(N,,2n,,)(4 =t b)}

(G.12)

where Aty = t;..1 —t is the distance between the two adjacent sampling points. There are
(N, — nyp) points in total for 0 <t < W;,. The outermost n, points are used to construct
the extrapolation,

by = Wy x 23/40=Notm) (. = N — N, — 1). (G.13)
For small g we used t;, = W, x 2= NoF7) for Yy, .

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 Yg , Yasjpw > Yarjw by Qmax s Myw|max » Mwjmax » respectively.
We used

Qumax =6, Myymax = 14, Myjmax = 10. (G.14)

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

Recall that NNV, 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.13). For
the first argument of the kernels K 5,Q (t,v) and s * K%;l’Q(t, v), we constructed suitable
distributions of sampling points in a manner similar to appendix G.2. As for (Np, np), the

following values were used for each distribution:

36’ 8) for YQ21 ’ (Np> np) = (1287 8) for YM\vw 7YM\w 7Y¥ ’ (G15)
128,8) for t in s K& -19(t,v),

128,16) for t in K3 (t,v),
64,8) for tin Kyio(t,v) (Q'Q>1).

)= (
Np,np) = (
)= (
)= (

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.2° The total number of iteration steps is typically 20 to 40 depending on (g, L).

1

55 » and similarly for other

"Mg > Wq means that the numerical coefficient in (G.11) is smaller than
Wy .

18 As for Yx(t) the uniform distribution over ¢ € [0, 2] is used.

YUsually 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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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 = g, , as represented by the huge error
bars in figure 4.

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.

G.4 Table of numerical results

In table 1 we present the numerical results drawn in figure 4, 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 (4.25), and thus
contain the points ¢ > gor. When the raw data hits the large u singularity (4.21), we
cannot compute the finite BTBA energy further in a reliable way. Moreover, when the
energy is close to T — L, we always find that E(Q) defined in (4.22) for different Qs have
comparable order of magnitude.

Note that our data also include some points with Egrpa < % — L, because we deter-
mined the large u behavior of Y (u) by fitting the numerical data instead of using (4.20).

— 492 —



Table 1. Numerical data for the BTBA energy of the Y'Y ground state with the R-charge L. The

L=3 L=2
g BT Eia g B RN
1.3 —339x 10! —453x 107! 0.6 —1.02x 1072 —1.02x 1073
1.4 —4.92x 107! — 0.8 —5.85 x 1072 —5.85 x 1073
1.45 —595x 107! — 1. —1.97x 1072 —1.97 x 1072
1.5 —7.30x10""! - 1.2 —4.79x 1072 —4.79 x 1072
1.54 —8.82x 107" - 14 —9.45x 1072  —9.46 x 1072
1.56 —9.88 x 107! - 1.6 —1.62x 107! —1.62x 107!
1.58 —1.16 — 1.8 —2.61x 107t —2.63x 107!
1.59 —1.35 — 2. —4.40 x 107t —4.59 x 10~!
1.592 —1.44 - 2.1 —5.41x 107" —5.86x 10!
1.594 —1.59 - 2.2 —6.62x 107" —7.83x 10!
2.3 —8.13 x 1071 -
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=} L=s
g Bon Bl 9 Egm Piytha
3.9 —919x 10~ —9.61 x 10! 2.4 —1.62x107tY —1.62x 10!
3.4 _1.94 _ 28 —286x107' —2.86x10""
3.6 1.63 _ 3.2 —450x107' —4.51 x 107!
3.65 ~1.78 _ 3.6 —6.69 x 107  —6.74 x 107!
3.7 —2.00 _ 3.8 —8.00x 10"t —8.09x 107!
3.71 —92.06 _ 4. —957x 107 —9.78 x 107!
3.79 913 _ 4.2 —1.14 —1.18
3.73 —92.93 _ 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 —

symbol ‘—’ means that the extrapolated energy hits the lower bound and thus diverges.
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