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ABSTRACT: Recently, the bi-local fields attract the interest in studying the duality between
O(N) vector model and a higher-spin gauge theory in AdS spacetime. In those theories,
the bi-local fields are realized as collective one’s of the O(N) vector fields, which are
the source of higher-spin bulk fields. Historically, the bi-local fields are introduced as a
candidate of non-local fields by Yukawa. Today, Yukawa’s bi-local fields are understood
from a viewpoint of relativistic two-particle bound systems, the bi-local systems. We study
the relation between the bi-local collective fields out of higher-spin bulk fields and the fields
out of the bi-local systems embedded in AdSs spacetime with warped metric. It is shown
that the effective spring constant of the bi-local system depends on the brane, on which the
bi-local system is located. In particular, a bi-local system with vanishing spring constant,
which is similar to the bi-local collective fields, can be realized on a low-energy IR brane.
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1 Introduction

In the development of theories of massless higher-spin fields (HS), it is recognized that a
cosmological constant of background spacetime is necessary to construct consistent theories
of those fields [1-3]. In particular, higher-spin field theories under AdS backgrounds are
expected as an important route studying AdS/CFT correspondence [4, 5]. According to
this line of approach, there are many attempts to study AdS dual of conformal vector fields,
which are sources of HS in AdS spacetime. It is also expected that those HS are realized in
tensionless limit of string theory. In particular, recently, there arises an interesting point of
view such that the aggregate of those HS is dual to a bi-local collective field out of conformal
vector fields in the large N limit. In terms of O(N) vector fields ¢*(z), (e =1,2,--- ,N),
the bi-local collective field, there, is given by

N
Oz, a’) =) ¢"(2)¢* (). (1.1)
a=1

Further, as a constructive approach, the studies have also been made on an effective action
of the bi-local collective fields [6-9], which provide Feynman diagrams associated with the
CFT under some conditions.

Meanwhile, the bi-local fields have another history in the context of non-local field
theories started by Yukawa at 1948 [10, 11], which are intended to introduce a physical
constant with dimension of length to elementary particle theories under consideration of
divergence problems and a variety of properties in elementary particles. In the beginning,
Yukawa’s bi-local fields have a meaning of two-particle systems constrained by a definite



spacelike distance. Soon afterward, it was pointed out that such a two-particle system
is reduced to free two particles by a canonical transformation [12]. In response to this
criticism, Yukawa modified his model so as to include an interaction between two particles.
Nowadays, this type of bi-local field theories is discussed within the framework of relativis-
tic two-particle systems bounded by a potential depending on spacelike distance of those
particles. In this sense, such a modified bi-local system should be understood as a reduced
model of relativistic string [13, 14]; and so, Yukawa’s original attempt should be regarded
as a bi-local counterpart of tensionless string.

The purpose of this paper is, thus, to investigate the bi-local systems in AdS5 spacetime
by taking aim at the relation between Yukawa’s bi-local field theories with vanishing spring
constant and the bi-local collective fields in higher-spin field theories. In the next section,
we try to construct a classical action of bi-local systems embedded in AdSs spacetime.
Therein, the two-body interaction in this curved spacetime is introduced by means of
the geodesic interval connecting two particles. In section three, we discuss the bi-local
field equation in bulk, the wave equation for the first quantized bi-local system in AdSj
spacetime. The analysis of the bi-local field, the one-particle wave function of the bi-local
system, in respective branes is discussed in section four. It is shown that in particular,
the bi-local fields in the low-energy IR brane are reduced to those of bi-local systems with
vanishing spring constant due to an exponential hierarchy in energy scale. The section five

is devoted to summary and discussion.!

2 Embedding of a bi-local system in AdSs spacetime

The AdS5 spacetime with anti de Sitter radius [ is realized as the hyper-surface described
by coordinates (X*, X%, X) satisfying napXAXPB =, XrX"Y + (X*)? - (X°)? = 1%,
where (A) = (u,4,5) and diag(n,,) = (— + ++). The transformation X* = e kvt
X* = [sinh(—ky) — %xQe*ky, and X° = [ cosh(—ky) + %x%*ky with k& = [~! can define
another coordinate system of independent variables (z) = (z*,y). In this coordinate
system, the spacetime can be characterized by the warped metric

nABdXAdXB = gﬂ,;dx’ldxﬁ = e_%ynw,dx”d:r:” + dy?, (2.1)

which is used in Randall-Sundrum model to address the Higgs Hierarchy Problem [15,
16]. In what follows, we consider the AdSs5 spacetime described by the coordinate system
(z*,y), (0 <y < L) with this warped metric.?
Now, we set the action of a bi-local system in this curved spacetime so that?
2 fi
1 -1 T i dx) i it
S = /ah'2 Z {e(i) gﬂgD:UZ)D:E(i) -U (:L‘(2),x(1)) e(i)} ) < Dm*(‘i) = (=1)'éh0

i=1

2
1 _ _ Nl v . i 2
= / drs 'E_l [e(i)l {mwe™ 080,36, + (310 — (-1)'0) } U (%2»%))%)]’ (2:2)

1Some of those results were presented at “CST & MISC Joint Symposium on Particle Physics, 2015”.

2We set that the Planck energy scale brane and the low-energy brane are located respectively at y = 0
and y = L; and, we regard kL ~ 32 ~ 50 so that e *% ~ 10714 ~ 10722,

3In this paper, we use the unit h = ¢ = 1.
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Figure 1. The figure shows the geodesic interval o3 ; connecting two particles in a curved spacetime
so that z(1)(7) = x(&§) and x(9)(7) = x(£1). The real lines are world lines of respective particles;
and, the dotted line designates the geodesic having z(;), (i = 1,2) as its ends.

where 7 and e(;) (i = 1,2) are respectively a time ordering parameter of dynamical variables
and einbeins in 7 space. The 6 is an auxiliary variable, which transforms in the same way
as y under the transformation of 7. We have introduced the 6 term to restrict the relative
motion of y [17], although the covariance of this formalism is spoiled unless § — 0. The
U (aj(g), :v(l)), Us,1 simply, is a bi-scalar function representing the interaction of two particles
at x(;), (4 = 1,2) with the same numerical value of 7. According to a previous paper [18]
we define this interaction term in such a way that

Uz ), (1)) = 2'€2U($(2),$(1)) + w, (2.3)

where x and w are positive constants with dimension of mass square; and, o(x(2), 7(1)) is
the geodesic interval defined by [19]

&2 1 dz? d:v’>>

59;‘“}?{7{ (2.4)

o(x @), 1)) = ({2 — 51)/

déc, <£ =
7561

The geodesic equation is equivalent to the Fuler-Lagrange equation reading L as a
Lagrangian. Substituting the solution with conservative quantities along the geodesic
for (2.4), the geodesic interval is obtained as function of both ends of the geodesic (figure 1);
that is, 021 becomes a function of xl(li) (1), (i =1,2) only.

The U(m(g),x(l)), 02,1 simply, is equal to one half the square of the distance along the
geodesic between ;) and (), which tends to %T]ﬂf,(l‘(2) — x(l))[”(x@) — m(l))ﬁ according
as gpp — Mpp- Thus, in such a flat spacetime limit, the S in (2.2) represents the action of
a two-particle system bounded by a relativistic harmonic oscillator potential with a spring
constant x2.

Now, in a single-valued region of y(&) such as 0 < y(§) < L bounded by y(&) = 0
and y(&r) = L, the geodesic equations for x#(£) and y(&) two kinds of constants along the

geodesic v such that

VH = €—2ky(£)$/u(§)7 (2.5)
K % <y/2(§) " ezky@)w) 7 (2.6)

where 2/ = %. Equation (2.6) says that if we read y as the coordinate of a particle with
unite mass under the potential %e%yVQ, then K becomes a total energy of the particle,



Figure 2. The figure shows the conservation of K = 1y + V;e%y. It is obvious that 3’ = 0 at
the turning point L = 2 log (2£); and so, we have K = V2 2hL y=L.
2k % 2

which is related to the turning point L byK = VTQerL (

figure 2). Since K is nothing but
L, one can obtain the expression

021 = K (& — &), (2.7)

in a single-valued region of y. When we write down the right-hand side of this equation
by K and V#, we firstly be careful about the distinction of two kinds of geodesics z (£)
with 3/ (£) > 0, (& < & < &) and 2 (€) with ¢/ () < 0, (&1 < € < &, ). Then, using the

abbreviation (zf;)+ = 2/ (&) — #%(§;) and |z; 4|+ = y/(27)3, we can get the following
formula (appendix A):

1 2
021 = 505 [‘canh_1 (ke_kL|xL,2|i) — tanh™! (ke_kL]:J:LJ]i)} (2.8)

on condition that ke *l|x; jl« < 1. The (2.8) is the same for 4; and, as a result, we do
not have to worry about that signs. In what follows, we deal with the geodesic starting
with y = L along z_ line without notice.

The potential U(x(z), (1)) defined by (2.8) is, then, not a function of the translational
invariant variable z; due to the curvature in the AdSs spacetime. Furthermore, it is
not applicable for a long-distance interval /@e*kL|xj,i\ > 1. However, if we confine our
attention to a case such that the two particles are located near y = L brane, the low-
energy IR brane, then the situation will be changed. In this case, the geodesic interval can
be expressed as follows:

se 2 |2g4)? e HEgn| <1 (a),

oaq = ] ’ ~ (2.9)
%L2€72L|$2,1’2 €7L‘5i'2,1| 21 (b)),

where the tilde denotes the scaled variables L = kL, = kx, and so on. The result implies
that the geodesic interval becomes ~ %l? near e % |Z21| ~ 1. Since, however, we are
interested in the bi-local system with an extension such as |za1] > ell > l, we should
apply (2.9-b) to define the potential (2.3) for the present practical application. Thus, the
two-body potential under those considerations is

Uz, o) = U1 = (kL) |wan[* + w, (2.10)



where w is a free parameter effecting on the ground state mass of the bi-local system. We
also stress that we may regard the |z2 1| in the right-hand side is independent of y due to
e‘z|i271| > 1; and, that the resultant two-body potential is fortunately invariant under
the translation of four-dimensional variables x?‘i), (i=1,2).

3 The wave equation of bi-local system in AdSs5 spacetime

The wave equation of the bi-local field in AdSs spacetime is g-number representation of
the constraints derived from the action (2.2). The Lagrangian out of this action defines
the canonical momenta (p(;), 7(;)) conjugate to (z(;),y(;)) in the following form:

2
1 1 _ Sl e . i\ 2
£=33 L(‘ { e 90308 i)+ (5) — (~1)'0) }—Uz,l%)]v (3.1)
i=1 -7
oL 1 g
P = gai = o Faw (3:2)
(4) (4)
oL 1

TG = "
W00 e

(96 — (=1)°0) . (3.3)

Under the definition of those canonical momenta, the variations of the Lagrangian with
respect to e(;, (i = 1,2) and @ give rise to the constraints

— aL 2ky iy .2 2 .
and
1oL 1

The constraints (3.4) and (3.5) are not compatible each other; then, we eliminate 7 with
its conjugate variable y = (y(l) — y(g)) strongly by means of the Dirac bracket for the
second class constraints # = § = 0. After that, we do not need to worry about the
degrees of fl'reedom (y, ). Then using the combinations %H = %ZZ ef%y(ﬂH(i) and T =
-1 Zi(—l)’eﬁky(i)H(i), the constraints (3.4) can be written as

1 1 1
CH= PP+ P+ (224 Uy )| =0, (3.6)
4 4 4 7

T=P p=0, (3.7)

where P = (p(l) + p(Q)), p= % (p(l) - p(g)), and ™ = (7r(1) + 7r(2)) are the momenta conju-
gate to X = % (iU(l) + .73'(2)), T = (a:(l) — x(Q)), and y = % (y(l) + y(g)), respectively.

The canonical quantization is carried out by replacing the Dirac bracket by the com-
mutator. Then the g-number counterparts of (3.6) and (3.7) define respectively a master
wave equation and its subsidiary condition. In the case of flat (k = 0) spacetime, those
equations are reduced to bi-local field equations in five-dimensional Minkowski spacetime.



In such a reduced system, the condition (3.7) is understood in the sense of expectation
value by a physical state (U|T|¥) = 0 or by T(H)|¥) = 0, where T*) is a part of T written
by the annihilation operators defined out of (p,z). Then the equations H|V) = 0 and
T W) = 0 come to be compatible each other; and so, there arise no ghost states due to
time-like oscillations of the bi-local system.

In the curved spacetime with k # 0, we can not apply this method directly to equa-
tions (3.6) and (3.7). First, we have to make clear the operator ordering of e~?*¥72 in
g-number theory. In what follows, we simply take the Weyl ordering

W= <e*2’fyyr2)w — e 2R (1 4 k)2, (3.8)

Thus the wave equation and its subsidiary condition in g-number theory become

1 1
[4P2 +p7 + <4W + e_2kyU2,1>} v =0, (3.9)

(P-pMw =0, (3.10)

where the definition of (P - §)() is not given in this stage.

The operator W has the eigenstates ¢y (z) = J%JO(%Z)’ (z = €Y, N; = const.) (ap-
pendix B) associated with the boundary condition %qb)\(z) ‘y:L = 0, whose roots rq,79, - -
determine the eigenvalues so that \; = (e %kr;)2, (i = 1,2,---). Then the ¥ satisfying the

boundary condition @y\I/|y: ; = 0 can be expanded by a Fourier-Bessel series such as

\I/(X,i,y) = Zanq)n(X’ f)gbkn(y)’ (3'11)
n=1

where the coefficient a,, decreases according as n increases, since ¢,, rapidly oscillates for
a large n.

Until now, the spring constant x? and L are free parameters; in what follows, we put
restriction on those parameters by the conditions in UV and IR branes. First, in UV brane
with y = 0, we require by taking |Z| > eI into account that the order of Z-potential
term becomes 6_2f’(lil~/)2|§?‘2 > (%EQ)Q > A\ ~ e 2Lk2; then, we obtain the first condition
K> e L2 / L2, In this case, the order of the eigenvalues \,’s are negligible small compared
with that of Us; in UV brane even for a large r,, since the a, in (3.11) itself is decaying
according as 1, — 0o. Thus, we discard the W term in (3.9) at UV brane.

Subsequently, we move the bi-local system from UV brane to the brane with y > 0
(figure 3); then, (3.9) and (3.10) take the following simple forms:

2

1 = ~ ~
[4P2 + P2+ (ef(L“J)/iL) 7%+ erW} ¥(X,z,y) =0, (3.12)

(P-p) P W(X,z,y) =0. (3.13)

As a matter of course, hereafter, the y in those equations should be treated as a parameter
instead of a dynamical variable, otherwise the bi-local system allows contiguous spectrum.
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Figure 3. The bi-local systems in respective branes.

The next task is to determine the (P -]5)(+); for this purpose, we introduce y-dependent
Ky = e~ LHDKE. Then, we can say that kg = e Lkl and k1, = e 2LKL are the square
roots of spring constants in UV and IR branes, respectively. With this y-dependent «,, we
define the y-dependent oscillator variables such that

_ 1 _ K
T, = % (aL + au) and p, =1 ?y (aL - au> , (3.14)

to which one can verify [Z,,p,] = in. < [a#,al] = Nuw. In terms of those oscillator
variables, (3.12) can be written as

1 -
[4132 + 2, <a* at 2) n e%)} (X, z,y) =0, (3.15)

from which one can say that ag/ = (8k,) ! is the Regge slope parameter in a y-fixed brane.

Then, as the second condition on (k, Ii), we require k7, < 10720k? so as to obtain almost

infinite slope parameter ; at IR brane. Both conditions at UV and IR branes give rise to
a possible choice such as (k, L) ~ (k2, 50).

As the final step in this section, we set (P-5)(*) = —i\/gP -a, then (3.13) becomes a
subsidiary condition compatible with (3.12). Therefore, in what follows, we read (3.13) as

P-a¥(X,z,y) =0. (3.16)

4 The bi-local fields in a brane near IR one

Let us consider the solutions of (3.15) and (3.16) in each y-fixed brane. First, the ground
state of the oscillator variables (a,, aL) defined by a,|0) = 0 can be solved as?

(2]0) = (Z2) e F, (4.1)

™

“The accurate representation of ground state should be |0,), although we have used a simple notation
|0). The normalization of (Z|0) in the indefinite metric formalism is given by

(0[0) = / P / " Paollie, 2 0)F = 1.



to which (3.15) yields the mass-square eigenvalue
M,(0)? = 168, + de™ . (4.2)

In this stage, we adjust w so as to be My(0)? = 0; that is, we put w = —4xL.

To construct the excited states of relative oscillation, one can use the physical oscillator
variables &L = Awa', (A = nu — P,P,/P?), which tend to (a*) = (0,a'’) in the rest
frame (P*) = (PY,0) of the bi-local system. In terms of those physical oscillator variables,
one can write a complete basis so that &leLQ ---a),,10), (J=0,1,---). Since those states
belong to reducible representations of rotation group in the rest frame of the bi-local system,
it is convenient to use those states under the following combination:

@) = @?ymal af, -l o) (m=0,1,000 50 =0,1,), (4.3)

d;f)) is the totally symmetric and traceless combination of &L&:ﬂ e &L; further,

where dzrud,t e
the state with J = m = 0 is read as the ground state given by (4.1). One can verify that

the state |¢>LT) uy) is a simultaneous eigenstate of N = a' - @ and Q = a?a? such that

N"I’m w> (2m+J)‘@m m> (4'4)
QIBI),,) = 2m(2m + 27 +1)[@07.,,) (4.5)

(appendix C); and so, the state \@EZZ) uy) represents the bi-local system with mass square
My(J,m)* = (8ky)(J + 2m) + M,(0)%. (4.6)

In particular, since the spin operator S of the bi-local system in the rest frame satisfies
S? = N(N +1) —Q, the state ]@,201),... .y belongs to an irreducible spin representation with
the highest spin J. Then (4.6) implies that the particles represented by |<I>,(P1)7...,M ;) exist
on a leading Regge trajectory with a slope parameter a; = (8k,) ! (figure 4). Thus, the
general solution of (3.15) and (3.16) with a fixed J has the form

Oy (X,2) = ) / d*Ps™ (P? + My(J,m)?) etX

X Cmy(P) < ) (z |‘§u1u2 ) (4.7)

Ky
where

e e A Ul (1)

™

is the eigenstate such as ##|z') = Z'*|#’) with the normalization (#'|z") = 6®*)(z/ — z").
The factor (;r—y) in the right-hand side of (4.7) is introduced for the normalization of
@y.yyn, (X, ) in the limiting case of ky ~ 0; strictly speaking, k7, ~ 0 means that
the order of x; comes to be 0 compared with the energy scale in IR brane. It should be

noticed that the states (4.7) and (4.8) contain the parameter y through x,.



Figure 4. The black and gray circles designate respectively leading Regge and their daughter par-
ticles. The particles on horizontal dashed line have a common spin, whose mass will be degenerate
to the ground-state one in the limit a; — oo (y — L).

Now, from (4.8), it is not difficult to evaluate

TN ey (N[O 9N 9 9 gt
(Z) @i = (Z) (357 55) 500 Fa @'

e;nyz2<<? .?)m LU R Tk
ok 0k/) 0klm  9kms)

ez S (\/2ky7) . (4.9)

Since we are interested in the bi-local fields in the IR brane at y = L, in what follows, we

consider the limiting case of k1, ~ 0; then, one can show that SfLT)u ,(0) =0 for J # 0 and
S(()m)(()) = (=1)"™(2m+ 1)!! for J = 0, respectively. Therefore, within the states (4.7), only
scalar components remain in the limit x, — s, ~ 0; and then, the resultant expression to
the remaining state becomes

®p0(X,Z) = io / dp(P)Cmy(P)SS™ (0)ei7X (4.10)
- OOO [P ot ). (a.11)
where
du(P) = d*Ps™ (P? + My(0,m)?) (4.12)
and
) (53y) = 3770/ Comy (P)SE™(0) (4.13)

The gn) (z@)), (i = 1,2) are scalar fields associated with respective particles with the
mass %M (0,m) ~ 0 because of k1, ~ 0; that is, the masses of those particles are almost
degenerate. If we truncate the summation with respect to m in (4.11) to some number,
the resultant bi-local field becomes the one, which should be compared with the bi-local
collective field (1.1).



5 Summary and discussion

In this paper, we have discussed the relation between a bi-local system embedded in AdSs
spacetime with warped metric and the higher-spin bulk fields emerging as bi-local collective
fields. We tried to formulate the bi-local system in AdSs curved spacetime in such a way
that the system is reduced to two-particle bound system with a covariant harmonic oscilla-
tor potential in flat Minkowski spacetime. As a counterpart of such a harmonic oscillator
potential in curved spacetime, we used the geodesic interval connecting two particles. We
also modify the kinetic term of the bi-local system so that the internal relative motion is
suppressed with the aid of an auxiliary gauge variable overlooking the full covariance of
this formalism.

The resultant bi-local system is characterized by three kinds of constraints. Two of
them are associated with the invariance of the action under the reparametrization of time
ordering parameters of respective particles; and, the other is the one due to the auxiliary
gauge variable 0. In canonical formalism, the first two constraints are corresponding to on-
mass-shell condition of the system and physical condition eliminating some relative motions
of the bi-local system respectively.

In g-number theory, those two constraints become the wave equation of the bi-local
system and its subsidiary condition, which extracts the physical states of the bi-local sys-
tem, the one-particle wave function of the bi-local field. As for the constraint suppressing
internal relative motion, we eliminated it beforehand as a second class constraint in the
stage of classical theory. However, the remaining constraints are still not compatible each
other. Then, first, we discarded the W term, the kinetic term of internal center of mass
variable y, in the UV brane; then, y becomes simply a parameter designating each brane,
on which the bi-local system is placed. We further treated the T condition suppressing
timelike oscillations of the bi-local system in a form of expectation value; and then, the
wave equation and it subsidiary condition, T condition, become compatible each other.

The on-mass-shell solutions of resultant wave equation represent the particles overlying

/
Yy

constant in a y-fixed brane, which tend to 0 according as y comes close to L, the place

on Regge trajectories with the slope parameter «; = (8/~£y)_1. Here, the /{5 is a spring
of IR brane. Strictly speaking ,/kr is almost 0 compared with the energy scale of IR
brane. To realize these setup on the bi-local system, we have chosen the parameters in
our model so that (, [~/) ~ (k?,50), which derive the reasonable order of V/Fy such as
(v/Fo, vEL) ~ k(10710,10721) for k ~ Planck energy scale.

Hence, in the IR brane, all particles degenerate in almost massless one’s; furthermore,
non-zero spin components of the bi-local field can be shown to vanish naturally on that
brane. Therefore, the bi-local field on the IR brane behaves as the bi-local collective
field (1.1) out of higher-spin bulk fields as we wanted to show. It should be, however,
noticed that the respective particles described by the bi-local field (4.11) hold a common
center of mass momentum as their hysteresis of a bound system in bulk.

Further, from the bi-local field (4.11), we cannot say anything about 1) the bound
system of particles laid on different branes and 2) the bi-local system with very small
interval such as |zo1| S e~L1. In relation with 2), we should also notice that the practi-

~10 -



cal interaction between two particles on the IR brane can take place only under discreet

distances with the unit of e Zl.

This property of the interaction evokes the behavior of
elementary domains proposed by Yukawa [20, 21]. Those are important and interesting
future problems to make clear the relation between the bi-local system and the bi-local

collective field.
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A The geodesic in AdS5 within 0 < y(§) < L

Regarding £ as the Lagrangian of generalized coordinates (z# (), y(§)) in AdSs described
by (2.1), the equations (2.5) and (2.6) are respectively direct results of equations of motion
with respect to x#(£) and y(£). As can be seen from figure 5, the y(§) is a multi-valued
function of £&. Changing the variable (£) = e *¥(&) (2.5) can be rewritten as

¢ = +kV2K\/C2 - V2/(2K), (A1)

which can be integrated easily in a single valued region of y so that

Co(6) = 00 = | 1 cosh {FhVER (€~ ) + .} (A2)

where the £ in (A.2) designate the sign of y/; the ¢, is a constant related to one end of
v such as y. = y(&). In what follows, we choose simply y. = L (£ = £1) one turning
point of 7, which leads to ¢, = 0 because of e % = \/g as pointed out in figure 2. In
this case, 2/ (£) and x_(€) become functions defined respectively in the region & < & < &f,
and &, < & < &, where & and {7, are points such as by y(&) = 0 and y(§;) = L. Then,

substituting (A.2) in this case for (2.5), we can integrate 2f'(£) as

ekL
2 (€) — i (€r) = V" tanh {kV2K(§ - &) (A.3)

where V# = V#/v/V2 is a constant unit vector for the direction of 2/#. Hereafter, we write
Ty, = 7M(&) — 2#(£a), which allows to express [zpq4| = \/(26,4)? = (Tha) - V for &, < &.
It is also convenient to use the symbol A = kA, which is the A measured by k=1 ~ [.
Then (A.3) can be written as

|7 1]+ = el tanh {\/ﬁ(&,m} : (g;-J — k(& — gj)) : (A.4)

®In flat Minkowski spacetime, the bi-local collective field (1.1) has a similar structure to the three vertex
function of bi-local fields [22]. Indeed, R. Satake [23] deduced that (1.1) could be understood as an infinite
slope limit of such a vertex function. After completing this paper, we found [24], which discuss the same
line of approach as [23].
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from which the following follows

Era = \/;T{ {tanhl (¢l |~ tanh! <e£|£a7L|>i] (A5)

providing e‘z\i'i, rl+ <1, (i = a,b). The result means that we do not need to worry about
the + when we represent &, , in terms of Z; ;.. Further, (A.2) yields another expression to
&b (> 0) such that

éb,a - \/:'2:7}_{ |:COSh_1 (e_gb,L):t — COSh_l (e_ga,L)ii| , (AG)
which gives rise to
1 a2 L?
L= K&&L =52 {cosh ! <€L>} = (A.7)

If we apply (A.5) formally to €0.|, then o, ~ L?/2 requires e_i|§:07L\ = tanh(L) ~ 1.
Since, however, e‘L\i’Q 1| ~ 1 is near the applicable limit of (A.5), we must be careful to
evaluate it. The right value of |Z¢ 1| can be obtained from

|Zi 1| = ¢! tanh {cosh_1 (e_gi’L)} = eﬂm, (A.8)

which is obtained by substituting (A. 6) for (A.3). From this equation, one can find that
|Z;.1| Tuns from |71 1| = 0 to |Tor| = eFV1—e —2L (< ¢ ) according as §; runs from L to
0; and so, the domain of |Z| is very large against the one of .

Now, let us consider the case such that §;, (i = a,b) are located very close to L in (A.5);
then, it can be verified easily that
e (sl = ) = o

To extent this relation to multi-valued regions of y(£), we have to take the successive

gb,a =

i~ Iy
e H Ty 0| = O ¢ 2L \2pal. (A.9)

turnings of geodesm at y = 0 and y = L branes in (figure 5) into account. Writing, here,

f(ﬁ) f(k 5( and §ym) 4m) = 517 fém), it can be verified from (figure 5) that

Eyma = &)+ (0 + 0+ €057 41 E0)) + 80 (A-10)
for a odd number of n; and,
Eyim 0@ = &) + <§L = +§ T+ & L) + 5(0) (A.11)

for a even number of n. Furthermore, since § 2n+1) [()22) = ff’ (n=0,1,---) and

=(n ~ 1 L ~(n ~(n ~ ~
G+ e @ —a) v —a) v (aa2)

we are able to get the following expression:

~ 1 n+1]| - P
Epn) (0 = ok {2 [ 5 ] (L-1)+e L|$b<n>,a<0)|}7 (A.13)
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R(3) 4+
7L ~
e e |%,]
(2) _ £0)
0 0
s
R(Z)
& =47
RD
é(l)
b
0) _ g0)
0 — 50

Figure 5. The symbolic figure of turning geodesic. The superscript (n) in &™) y(™) designate that
they characterize the geodesic in R(™ region in the figure.

where [n] is the largest integer being not greater than n. In this paper, we are interested
in the bi-local bound system such as n > I:; then, one can evaluate 2 [”TH] ~n o~
eii\ib(m’ 2| Therefore, under those approximations, the geodesic interval extended to n
turned regions becomes

1

1 ~ 2 =9 _of
o (zyny, Ty0)) = ﬁK <£b(n),a(0)) = §L2€ 2L|:I:b<n),a(o)|2, (A.14)

in which the discrete indices (n) and (0) are no longer important to attach. Here, if we
try to apply (A.14) to b™ = 0 and a(® = L) then we can get 001 = %L2, the result
of (A.7). This implies that the|z; ,| in (A.14) is applicable from |zp4| 2 eLl to infinity. On
the other side, (A.9) is holds in the n = 0 single-valued region with |Z; 1| < 1, (i = a,b).

B Eigenvalue problem of W

The eigenvalue problem of W can be solved easily by using the variable z(y) = *¥. Then,
by taking % = kz% into account, the eigenvalue equation of W can be written as

Wor(z(y) = 2 (x4 k) a(2()) <w _ —jy) (B.1)
2
— (43— 15+ ) ) = A) (B.2)
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; that is,

oy 1doy A1
= _zch+{l€2+,zz}¢’\_o' (B-3)

The solutions of this equation are reduced to Bessel functions multiplied by a power of z;

indeed, it is known that the equation

o, 120w
dz? z dz

2 _ .2
2 o — vV
=0 B4
+—<6 +—— >1u (B.4)
has 2%Z,(fz) as its solution [25], where Z,(x) is one of J,(z), Y, (z), Hl(,l)(:n), and H? (x).

The ¢, in (B.3) is the case of a = 1,5 = T)\v and v = 0; and so, we can set

VA
oA (2) = 2Zo <kz . (B.5)
Further, it is not difficult to derive from (B.3) that
1 ' 11

where the “prime”denotes the derivative with respect to z. This means that under the
boundary conditions:

HC R en 0 (B.7)

2=20,%ZL

with 20 = 2(0) =1 and z;, = 2(L) = el', we can put the normalization

(Daslda;) = /ZL %%i(z)@j(z) (B.8)

L , N
= / kdyZy <\/k)\76ky> Z (lﬂjeky> X 0 - (B.9)
0

To realize the solutions satisfying the boundary conditions, first, we take Zo(z) = Jo(x),
which is finite on real x line. Secondly, we require

VA VA VA
, —_— - - - JE—
A(2)],, = {J0< i el et =0, (B.10)
ZL
where J))(z) = —Ji(x); then, the r = %zL is determined as a root of this equation. Writing

the i-th root of (B.10) by r;, the i-th eigenvalue \;, (i =1,2,---) has the expression

<L

&:<kn>2u=Lzuq. (B.11)
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We note that the (B.10) implies not the vanishing internal wave function at z = zy, but
the vanishing of flux for y > L. Now, using ry = %zL, the 21 <¢>\Z¢I>\J - (b/&@\j) in the

left-hand side of (B.7) at z (= €¥) can be rewritten as

i {’I“ijl (T‘Zz> Jo (sz> — Tle <’I“jz) J(] <7’12) } N (B12)
2L 2 2, 2L 2L

which tend to 0 according as z — 1 (i.e.§ — 0) because of® J; (m-efz) ~ J;1(0) = 0. In this
sense, the boundary conditions (B.7) are satisfied at zg and zy.

In order to give the normalization of ¢, (2), let us consider the limit A; = A\j+€ (e — 0)
in (@x,|¢x,) by taking (B.6) into account. Then, a little calculation leads to

2 .
(Pxlon) = ll_r’% k? E’ {¢>\j+€(z)¢’)\j(2) - ¢>\j+€<z)/¢>\j(z>}] (B.13)
= k2 [i {(0x02)(2)P)(2) — (983 ) (2)Ba(2) }A:Aj] L -

_ 22% (1 + :2> Jo(r)? (= N;). (B.15)

Therefore, under the rescale ¢y,(z) = \/jvﬁJO (@z), the eigenfunctions {¢,,} form an
independent orthonormal basis, by which any internal wave function ®(y) can be expanded

in the following series:

P(y) = Zai¢Ai () (a;i=(ox]®)). (B.16)

C Spin eigenstates

In the rest frame of the bi-local system with P = (M,0,0,0), the hatted oscillator
variables are reduced to (a,) = (0,a1,a2,a3) and (dL) = (O,ai,ag,ag). In terms of
those reduced oscillator variables, the spin operator of the bi-local system is defined by
S; = —ieijka}ak, (i,j,k = 1,2,3), to which by taking €ijk€ilm = (5j15km — 6kl5jm) into

account, one can verify
5% = (_i)QEijkEilma}akajam =N(N+1)-Q, (C.1)

where N = a'-a and Q = a?a?. Since N and @ are commute each other, there are common
eigenstates of those operators. In particular the spin eigenstates with zero eigenvalue of Q

In ascending order of 7;,(i = 1,2,---), the roots of (B.10) are obtained numerically as ry =
1.2557--- ,ro = 4.0794--- ;r3 = 7.1557---, and so on. On the other side, for a sufficiently large r;,
the (B.10) gives J1(r:) = T%Jg(n-) ~

i

means that the condition r;e

0; and so, r; becomes approximately a zero (= j1,; ~ mi) of Ji. This

0 is satisfied even for a huge number r5; ~ 6%E7 to which the coefficient
anr in the expansion (B.16), however, tends to vanish because of rapid oscillation of ¢x,,.
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have the following form:

_ J 2 T
a0 = ol ol (44(3) 1) Sl o

=T/ el al o) (d=0l= 3), (C.2)
where Z( a,p) Stands for the summation over two indices (a,b) taken at a time out of J
different objects (1,2,---,J); and,

-1
TZJ; zjjl (5311 R 53; — <d+ <2> _ 1> Z 5iaib5]a]bdgll .. 52: . 55: . 5?;}1 (C.3)
(a,b)
One can see that the Tff ZJJJ is symmetric and traceless with respect to both of the sub-
scripted indices (i1, -+ ,is) and the superscripted indices (j1,--- ,77); then, it is not diffi-
cult to verify that

QaJ(rila;rz o ajj)|0> = 07 (04)
S%a; al,---al |0) = J(J+1)af; al, - al j0). (C.5)

Thus the states {a 22 :
and, N becomes the highest spin operator in that representation. Meanwhile, the state
]CIDEZL)”)> = (aTQ)ma](L aT ---aZT.J)\O> (m # 0) is not a zero eigenstate of @, although it
again satisfies

'a;rJ) |0)} form a spin-J irreducible representation of O(3) group;

7«1 ‘g

) =J0+ D)@l ). (C.6)
The eigenvalue of () can be found so that

Q|<I>(m) )= aT2a2aT2(aT2)m*1aI. al ---aj.])|0>

(d1--i7) v
=a?(6+4a' - a+aa?)(a?)™ la (u 12 ' ”)‘0>
a2 [Q + (47 +6) + 8(m — 1)] (al2)™ ! LﬂL'“%)'@

= (a)?[Q +2(4] +6) + 8{(m — 1) + (m — 2)}] (a*)"2a], al,---a] |0)

i1 62 i)

m(2J +2m+ 1)@ ). (C.7)

Now the x representation of \@ET”)) can be evaluated by the expression

T\ igm) o\ le,z? o o\",..i, O 0  _ 1l By z)?
() (®|®,"". )= e2 (8kakz> 1}]11”'5]‘]%...8]{:”6 3 (k—y/2ry@) . (C.8)
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The case of J = 0 is particularly simple, and we obtain

<§> (@@ = ezrv® (i) () =3 (k= /2m,2)°

Y

k=0,t=0

1o O\ d3z 1.2 o 1 12
— 2T v e 2 +\/§z-(ﬁ)e—§(k—\/25yx)

o) | ey

m
= 67%“952 (;) %6_214:2#%532
(14 2t) o

= (=1)™2m + D! (r, — 0). (C.10)

k=0,t=0

(C.9)

The limit in the last expression is taken, since we are interested in the result in the IR
brane at y = L, in which the &, is virtually zero. On the same footing, let us consider the
case of J # 0 in the limit x, = 0. Then (C.8) becomes

T\ g (O 0 " g, 0O 0 e
() et = (e ae) 285,

9 S A 5
G ) )

The right-hand side vanishes for an odd number of J, since the (C.11) is an odd function of

(C.11)

(C.12)

k=0

k. For an even number of .J, the non-vanishing terms at k = 0 are consisting of the terms
such as 8,{%7% = 0j,5, and (%k‘ja) (%k‘jb) = 015,015, = 0jaj,- Those terms, however, again
give rise to vanishing contribution due to the traceless property of T7'"7/. Therefore, the

i1y
state (C.12) vanishes in the IR brane.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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