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Abstract

The gauge/gravity correspondence is a conjecture of the duality
between field theory and gravity theory. One approach of the study
about the gauge/gravity correspondence is calculation based on as-
sumption of the correspondence. By using a dual description method,
we can obtain a new physical perspective. Another approach is to
compare corresponding objects in the two theories which are dual to
each other. Such a test is important for confirming and extending the
application range of the gauge/gravity correspondence.

In part 1, we study a three-scalar holographic superconductor
model which can describe frustration. We analyze solutions of this
model and compute the free energy of the solutions. We find that there
are chiral ground states in this model. This holographic model will
be useful for study of multicomponent superconductivity in strongly
correlated systems from the viewpoint of the gauge/gravity correspon-
dence.

In part 2, we study the correspondence between geodesic Witten
diagrams and conformal partial waves with an external symmetric
traceless tensor field. We construct an amplitude of the geodesic Wit-
ten diagrams and show that it is consistent with the properties and the
formulas of the conformal partial waves. Construction of the geodesic
Witten diagrams gives us a novel expression of the conformal partial
waves.

We construct and analyze the holographic model by the bottom-up
process in part 1 and we verify the correspondence between the objects
in conformal field theory and AdS spacetime in part 2. These results
lead to understand the holographic description of various objects.
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1 Introduction

The gauge/gravity correspondence [1] is a duality between field theory and
AdS gravity theory. This correspondence is one of well-studied research top-
ics in theoretical physics. The most famous example of the gauge/gravity
correspondence is the duality between N' = 4 super Yang-Mills theory and
type IIB super string theory on AdS; x S®. One evidence of this duality is that
these theories have the same symmetry. In particular, superconformal sym-
metry and R-symmetry of the NV = 4 super Yang-Mills theory are the same
as isometries of AdSs and S°. Especially, the gauge/gravity correspondence
in the large N and A limit implies that the strong coupling gauge theory can
be calculated by the classical gravity theory. N is the number of colors and
A is the 't Hooft coupling. This surprising statement is a reason that many
researchers are interested in the gauge/gravity correspondence.

Nowadays it is expected that the gauge/gravity correspondence occurs in
various field theories and gravity theories. Based on this conjecture, many
studies have been conducted. One research method in such studies is to
compute physical quantities with the assumption of the gauge/gravity cor-
respondence. When we cannot calculate one side of the field theories and
the gravity theories, we can pull out the information from the other side by
assuming the gauge/gravity correspondence. A test of the gauge/gravity cor-
respondence is another research method. Construction of a concrete example
of which we can calculate the both sides is important for justification of the
gauge/gravity correspondence.

One example of studies towards application of the gauge/gravity corre-
spondence is holographic QCD [2; 3, 4]. The holographic QCD is a holo-
graphic model which is constructed by D-branes. FEffective theory of such
D-brane systems has the QCD-like behavior. By using the holographic QCD
models, we can interpret the properties of QCD such as the confinement
and the chiral phase transition as geometrical properties of the D-branes.
Another example is holographic entanglement entropy [5]. Entanglement en-
tropy is a quantity which measures entanglement between quantum states
and its geometrical interpretation was proposed in [5]. Moreover, by apply-
ing this proposal, the study of quantum gravity from the entanglement has
been challenged [6, 7, §].

One example of tests of the gauge/gravity correspondence is comparing
degrees of freedom in AdS,/CFTj3 by using a localization technic [9, 10]. The
localization is a non-perturbative computation method by super symmetry
[11]. The free energy of ABJM theory [12] on the three-dimensional sphere
was computed by this localization technic and it is consistent with the pre-
diction of the gravity side. Another example is a numerical computation of



finite N gauge theories [13]. From the viewpoint of the gauge/gravity corre-
spondence, finite N gauge theories are candidates of definitions for quantum
gravity theories. The authors of [13] analyzed one-dimensional U(N) super
Yang-Mills theory numerically and their computation reproduced the quan-
tum gravity effect by the 1/N? correction.

Motivations to study the gauge/gravity correspondence for the author
are as follows. First motivation is interest in classical equations which ap-
pear in researches of the gauge/gravity correspondence. If the gauge/gravity
correspondence is true, there are the holographic models which correspond
to various physical phenomena. It is expected that such holographic models
have interesting solutions. Conversely, we may predict properties of con-
densed matter systems from the holographic models. Second motivation is
to understand how to construct conformal field theory (CFT) objects which
can be determined by conformal symmetry only in terms of AdS geometry.
Generally, it is difficult to show the gauge/gravity correspondence exactly
because the spectra of the theory are complicated. However, we can verify
the correspondence about CFT objects which do not depend on the detail of
the theory such as conformal partial wave by using conformal symmetry and
isometry of AdS spacetime. Developing a systematic way to construct such
CFT objects by using AdS geometry is an important research theme.

In part 1, we analyze a three-scalar holographic superconductor model
[14]. Holographic superconductor model [15, 16] is a model that describes
phase transition in the AdS black hole. By lowering the Hawking temper-
ature, the phase transition occurs in the holographic superconductor model
and its phase transition is similar to superconductor phase transition. The
holographic superconductor models are expected to be related to strongly
correlated systems . We examine the equations of motion for the three-scalar
holographic superconductor model and evaluate their solutions. Because of
the interactions between the scalar fields, this holographic superconductor
model can express the frustration.

In part 2, we explore the correspondence between geodesic Witten dia-
grams (GWD) and conformal partial waves (CPW) with an external sym-
metric traceless tensor field [17]. CPW is a fundamental object in CFT and
it can be determined by the conformal symmetry only. Recently, GWD has
been proposed as the gravity dual of CPW [18]. We construct an amplitude of
GWD with an external arbitrary symmetric traceless tensor field and verify
that our construction agrees with the known result of CPW. Our approach
is useful to find an unknown expression of CPW with spinning fields. This
work is collaboration with Kotaro Tamaoka.

This thesis is organized as follows. In section 2, we review the GKP-W
relation and its application for the holographic superconductor. We ana-



lyze the s-wave holographic super conductor model in section 3 (review) and
analyze the three-scalar holographic superconductor model in section 4. In
section b, we review the conformal partial wave (CPW) and the geodesic
Witten diagram (GWD). We verify the correspondence between the scalar
exchange CPW and GWD with an external spinning field and three external
scalar fields in section 6. Section 7 is conclusion and discussion of this doctor
thesis.



Part 1

Three-scalar holographic
superconductor model for
frustration

2 Review of GKP-W relation

In this section, we review GKP-W relation [19, 20] and how to compute
physical quantities in the holographic superconductor model by using the
GKP-W relation. This review is based on [21, 22] and my master thesis [23].

2.1 GKP-W relation

GKP-W relation [19, 20] is the most fundamental and important concept in
gauge /gravity correspondence. This relation is written as

<exp ( / dd:c¢(0)(9>> = exp (—Sonshen[@)) , (1)

(0)

Our notation is as below:
- gauge theory side (left hand side)

e (0: an operator in the gauge theory

e ¢: a source term for O

o (-} = [DO--exp(—Sgauge)

® Sgauge: the action of the gauge theory

- gravity theory side (right hand side)

e Sonshen: the classical action of the gravity theory
e asymptotic AdS metric ds?|, o = r?(dt* + dx*) + 5dr?
e ¢: a field which obeys the EOM

e A is a constant which is determined from the EOM. This constant
is related to conformal dimension of @ as we will see later.



(1) means equality between a generating functional of the gauge theory and a
partition function of the gravity theory. (2) means equality between sources
for operators of the gauge theory and coefficients of the classical solution at
the AdS boundary in the gravity theory. Usually, the GKP-W relation is
formulated by Euclidean formalism, therefore we use a Euclidean action.

Study of the gauge/gravity correspondence in this thesis is roughly di-
vided into two types. First type is application of the GKP-W relation. In
this type of study such as holographic superconductor, only the one side of
gauge and gravity theories is computed and the other side is estimated by
assumption of the GKP-W relation. In part 1, we will analyze a holographic
superconductor model by assuming the GKP-W relation. Second type is rig-
orous checking of the gauge/gravity correspondence between objects in the
both sides. In this type of study, we compute the both sides of gauge and
gravity theories and show equality of the objects. In part 2, we will show
the equality between conformal partial waves in the CFT side and geodesic
Witten diagrams in the AdS side.

2.2 Computation of one-point function by the GKP-W
relation

Consider a perturbative source §¢( as ¢(*) in (1). In this case, deviation of
the expectation value §(O) by 66,

5(0) = (Oexp ( / d*z 560 0)) — (0O) (3)

can be computed from the gravity side by assuming the GKP-W relation,

Qmp(/g%ﬁ¢m0)>_emu—&mmﬂw» (4)

In order to see it, let us compute some examples.

2.2.1 Massless scalar field

Starting from a four-dimensional massless scalar field action,

1
5= [ dava,or 5)
we derive §(O) by using (3) and (4). For simplicity, we assume
¢ = o(r). (6)

9



We consider a metric like AdS black hole,

0 r—rg

r2 r— o0
\/§:7ﬂ2’ grr:{ 7 (7)

where 1 is a horizon radius. Since we use Euclidean metric, the integration
range of  in (5) is from 7y to co. From (5), (6) and (7), we get

oo 2 rr
S = / d*x / drd—¢”
o 2
4 o] 2 rr /
:/d3x1¢¢' —/d3x/ ar(“2—¢) o, (8)
2 =00 ) 2
where ’ represents a differential with respect to r and we use partial integra-

tion.
The classical equation of motion for (5) is

<r2g’"’"¢'>, =0. 9)

Since the second term in (8) is zero under (9), we obtain a classical action

S onshell

4
Sonshellz/d3$5¢¢/ (10)
(5) is a four-dimensional integral, however, (10) is a three-dimensional inte-
gral at r — oo (AdS boundary) by the equation of motion. The GKP-W
relation (4) relates this classical action to a generating functional of the
three-dimensional field theory.

Next, we consider an explicit solution of (9) at r — oco. At r — oo, (9)
becomes

=00

/
(r'¢') =0, (11)
therefore, an asymptotic form of the solution at r — oo is

(1)
¢ =600 (1 + %) (r — 00). (12)

Substituting (12) to (10), we get

S [ 50 1 20) (55

rd

=00

10



From (3), (4) and (13), we obtain

5(0) = (Oexp (/d3x 56"0) ) —(0)

= W< exp (/d3:c 5¢(0)0)> — W< exp (/d3:c 5¢(0)O)>‘5¢(0>:0

= 36606 exp ( / dsx;(5¢<o>)2¢<1)) 36696 exp ( / d3x;(5¢(0))2¢(1))‘
~ 350D (14)

5¢(0)=0

where we ignore higher order terms of 6¢(®) and (12) becomes

¢ =60 + % (r = 00). (15)
Therefore, with assumption of the GKP-W relation, coefficients of the classi-
cal solution at the AdS boundary in gravity theory side correspond to source
and its response in field theory side.
In order to derive (12), we assume that the second term also vanishes if
the first term vanishes. We can also consider a solution as

¢(1)

o= 5¢(0) + F (7’ — OO) (16)
With 66 = 0, we obtain
3
Sonshell = —/d3$§5¢(0)¢(1), (17)
(0) = 26 exp ( / d3x§5¢<0>¢<1))‘
2 2 §¢(0=0
3
— §¢<1) (18)
and thus, (16) becomes
_ 2(0)
¢ = 23 (r — 00). (19)

2.2.2 Massive scalar field

Consider an action of a massive scalar field in four-dimensional spacetime,
1
5= [ davaiT,0 + mte (20)

11



and we assume (6) and (7) again. Classical action Sopspen of (20) is the same
as (10), but the equation of motion is

/
m2rip — <r29’"’"¢’> =0. (21)

Asymptotic form of the solution at r — oo is

1 )

_ 540

(b = (5¢( )(7‘A_* + ’fT*) (7” — OO), (22)

3+ VI+4m?
Ay = # (23)

In scalar field theories on flat spacetime, a field with m? < 0 corresponds
to tachyon and its existence is related to instability of the theory. However,
on AdS spacetime, there is possibility that the theory is stable with m? < 0
since the equation of motion includes the AdS metric. The bound of m? such
that the theory is stable is called as Breitenlohner-Freedman bound [24].
In particular, the theory is stable if m? > —% on d + 1-dimensional AdS
spacetime. This condition corresponds to the fact that AL has no imaginary
part. On four-dimensional AdS spacetime, the theory is stable if m? > —3.

Then, we continue the computation with m? = —2. With m? = -2, (22)

oL 22)

Substituting it to (10), we get

S /d?’ZL'((SQS(O))ZT—; <1 n ﬁ) ( _ 1 2@)

r 72 r2 r3
1
T / d3x§(5¢(°))2r

and we encountered the divergence. In the case of massless scalar field, the
first term of ¢ becomes zero because of the derivative with respect to r and
Sonshenl 18 finite. In the case of massive scalar field, however, the first term of
¢ does not vanish and Sy,epen diverges.

Holographic renormalization is a way to solve this problem about the
divergence and it is a method to remove the divergence by adding counter
terms to the action (for example, see [25]). In particular, we add boundary
terms which have symmetry of the gravity theory (e.g. general coordinate
transformation symmetry) to the action for cancellation of the divergence.
In order not to change the EOM under the holographic renormalization, we
use the boundary terms.

18

(r — 00). (24)

=00

— —00, (25)

=00

12



In the example of (20), we use a counter term as

=00

1
Scr = §/d3$ﬁ¢2

where 7, is a three-dimensional induced metric of g,, at r — oco. In asymp-
totic AdS spacetime as (7), we get

ﬁ‘rzoo = 73, (27)

Adding Scr to the action, we obtain

1 1 1) 1 L 1 (1)
Sonshell + SCT = 5 /dSZ'((S¢(O))27’3 <— + (b—) < - - = Q(b— + -+ ¢_>

r 72
_ / dsx%(aquwux (28)

and thus, we can remove the divergence. Similar computation as the massless
scalar field gives

5(0) ~ 6V M), (29)
560§
b= ﬁ +if> (r = 00). (30)

2.2.3 U(1) gauge field

Consider an action of a U(1) gauge field in four-dimensional spacetime,

S = i/d‘lx\/ﬁFiy. (31)
We assume that A; is only nonzero as
Ay = A(r) (32)
and we also assume (7) and
Ay(r)lr=o0 = 0. (33)

(33) corresponds to a boundary condition in the next section. Under these
assumptions, the EOM and Sgynghen are

(r2A)) =0 (r — 00), (34)

1 )
Sonshell = 5 /ddx TzAtA;

(35)

=00

13



Assuming a solution of (34) as

AW
A, = 649 (1 + 4) (r = o00), (36)
T
we get
1
Sonshell = _§/d3x (5"4150))2‘4151) (37)

Since we consider a massless gauge field, there is no divergence. Define an
operator J* which corresponds to 5A§0) or consider a generating functional

(exp ( / &z 54 Jt)>, (38)
in the gauge theory side. Similar computation as (14) gives

§(J%) ~ 540 AW (39)

t
A =064 4 @ (r — o00). (40)

For later convenience, we consider a relation between Euclidean and Lorentzian
formalism. They are related as

SE = —iSL, tE = ’itL, AtE = —iAtL, <JtE> = i<JtL>, gg = —gg.

Thus, in Lorentzian formalism, (40) becomes o
Ay, = 0AY — WT” (r — o0). (42)
Instead of (32), if we consider
Ay = Ay(r), (43)
similar computation gives
5(J%) ~ §AD AL (44)
Ay =6A0 + 5<iz> (r — o0). (45)

14



2.3 Relation between mass and dimension of operators

From the above computation, we saw that a classical solution of the gravity
theory corresponds to an expectation value of an operator and its source
in the field theory. In this subsection, we consider which coefficient of the
classical solution corresponds to the expectation value of the operator based
on [26].

As a condition for the expectation value of the operator, we impose finite-
ness of the action. In particular, we need finiteness at the AdS boundary. In
addition, we need a boundary condition for finiteness at the horizon.

For example, consider a massive scalar field in d 4+ 1-dimensional asymp-
totic AdS spacetime

ds® = é(d;:? + i(dﬂ)?) (z = 0), (46)

where we used a change of variables

1
=, 47
r=- (47)
The AdS boundary is z = 0. The action is the same as (20),
1
5= [ a1 VGV, + mie (15)
Now, ¢ depends on z and also z'. Near z = 0, (48) becomes
1 d —d+1 2 LT
3 dz dz z [(@@ + (0;0)° + ?¢ : (49)
A classical solution of this action can be written as
¢ = 22 A(7) (z = 0). (50)
A is a solution of
A(A —d) =m?, (51)
and its explicit form is
d +/d? + 4m?
Ay = T (52)

2

At z — 0, the solution of A, is smaller, and therefore, we generally interpret
it as the expectation value of the operator. In fact, substituting (50) to (49),
we get

% / 'z dz 2511 [(AA) + (20, A)% + (mA)?). (53)

15



Because of 2A, —d —1 > —1, there is no divergence at z — 0 in the case of
the solution of A .

In the case of the solution of A_, there is the divergence at z — 0 because
of 2A_ —d—1 < —1. We can not interpret it as the expectation value of the
operator in this situation. In order to loosen the condition for the expectation
value of the operator, we use holographic renormalization. In particular, we
perform a partial integration of 2=%*1(9.¢)? and remove the boundary term
by the counter term. Then, (49) becomes

1/ddx dz 2741 [ — La (Z_d+laz¢) + (8i¢)2 + 7:_22&}

2 y—d+1 77
1 d —d+1| AA-d) , 2 m?
—é/da:dzz [ Tqﬁ +(3Z¢)+?¢]
-2 / d'r dz 2541 ](0,4)2] (54)

and there is no divergence if 2A_ — d+ 1 > —1. Thus, we can interpret the
solution of A_ as the expectation value of the operator with this holographic
renormalization.

Summarizing the above, if
d2 ) 2
—— < <—-——+1 55
T <m L (55)

we can interpret the two solution of Ay as the expectation value of the

operator. If
2

d
- 1 <m?, (56)

we can interpret the solution of A, only as the expectation value of the

operator. In addition,
d—2
A= — (57)

is mass dimension of a scalar field in d-dimensional spacetime and it is known
as unitarity bound in CFT (for example, see [27, 28, 29]). Therefore, modi-
fication by holographic renormalization is considered to be correct.

3 Review of s-wave holographic superconduc-
tor model

In this section, we review [15, 16] by S. A. Hartnoll, C. P. Herzog and G. T.
Horowitz. Their papers are the origin of the study of holographic supercon-
ductor and various models are computed after these papers. This review is
based on my master thesis [23].

16



3.1 S-wave holographic superconductor model

In the study of holographic superconductor, we analyze classical solutions
of holographic models whose phase transition is similar to superconductor.
From now, we consider a 3+1 dimensional holographic model which corre-
sponds to 241 dimensional s-wave superconductor.

3.1.1 Correspondence between superconductor and black hole

Rigorous correspondence between superconductor and gravity theory is not
understood well. Then, we consider a gravity theory which has characteristic
physical quantity of superconductivity as a bottom up approach.

Since superconductivity is a phase transition phenomenon when tempera-
ture is lowered, we need the temperature in the holographic model. Moreover,
we need an electromagnetic field for an electric current and an order param-
eter to distinguish between a normally conducting phase and a supercon-
ducting phase. In order to satisfy these property, we introduce a holographic
model on AdS black hole spacetime with a scalar flied and a U(1) gauge field.
We consider AdS black hole because there is Hawking temperature in black
hole. The scalar field represents the order parameter of s-wave superconduc-
tivity with angular momentum [ = 0. As we will see later, this scalar field is
zero at high temperature, however it becomes nonzero at low temperature.
Therefore, it is suitable for the order parameter of superconductivity.

3.1.2 Action of the model

We consider an action of the s-wave holographic superconductor model as
1
S = /d4x\/—g[ — M E =m0 — 0% — AV, (58)

where W is a scalar field, A, is a U(1) gauge field and F), = 0,4, — 0, A,.
We consider AdS black hole spacetime as

ds* = —f(r)dt* + ;l(?":) + 72 (da® + dy?), (59)
M
fry =02 = (60)

where M is a black hole mass. At r — oo, (59) becomes AdS metric

2

dr
ds? = —r2dt* + = +r2(dz? + dy?). (61)

17



The horizon radius of the black hole ry which is defined by f(rg) =0 is
ro = M3, (62)

Hawking temperature of the black hole T is

3M/3
T = 63
ypm (63)
We set mass of the scalar field m? as
m? = —2. (64)

This value is larger than Breitenlohner-Freedman bound -9/4 in four-dimension.
In the study of holographic superconductor model, (64) is commonly used
as mass of a scalar field on four-dimensional spacetime. The reasons are as
follows: AL is integer, mass of the four-dimensional scalar field which is de-
rived by compactification of supergravity is (64), etc. However, (58) is not
derived from supergravity directly, (64) is not always necessary.

In order to justify (58), we use approximation which is called as the probe
limit. The probe limit means that we ignore the effect of the scalar field and
the U(1) gauge field for the metric. The action before using the probe limit
is (58) with Einstein-Hilbert action

1 1
et 4 — _— — _— = g - 2 2_ —1 2
S /dx«/_g[lﬁﬂ_G(R 20) = L F" = m? U — 90 — g ATP |, (65)

where ¢ is charge of the scalar field and G is the Newton constant. With
redefinition of the scalar field and the U(1) gauge field such as ¥ — ¥ /q and
A, — A,/q, we get

1
167G

167G 1
d'oy/=g| R—2A+ - {—7F" Fu

m2|\I/|2—|8\I/—@'A\IJ|2}].
(66)
At the limit of G/¢* — 0, the latter part of (66) is smaller than the former
part and (66) comes down to Einstein-Hilbert action. Therefore, in the probe
limit, we can derive (58) from (66) by choosing (59) as a solution of Einstein-
Hilbert action and considering the latter part of (66) as a perturbative action
of the scalar field and the U(1) gauge field.
In [15, 16], the authors used the action in Lorentzian formalism as (58).
In order to analyze the EOM and its solutions, we can use Lorentzian formal-
ism because the EOM is the same in Lorentzian and Euclidean formalism.
However, we need to use Euclidean formalism to compute the free energy of

the solutions.

18



3.1.3 Derivation of Hawking temperature

We can derive Hawking temperature by using periodicity of Euclidean metric.
In this subsection, we derive (63) by this method.
With tg = it, (59) becomes

, _ dr
dSE—f(>+f<) (67)

where we ignore x and y components. Since Hawking temperature is related
to radiation from the black hole, we approximate f(r) near the horizon ry.
With a coordinate transformation, we obtain

dr?
J'(ro)(r — )
~ a*+ pta( L (2 i)’ (68)
p=2+/(r—ro)/f(ro). (69)

Next, we impose that (68) represents polar coordinates. In other words,
we impose that a period of f'(rg)tg/2 is 27 as an angle of two-dimensional
flat space. This condition is the same that a period of imaginary time tg is

f'(ro)(r — ro)dt

ds}, ~

4
= ey )

The inverse number of S corresponds to Hawking temperate T,

1 flr)  3Ms
T_B_ = (71)

Imposing the periodicity in the direction of imaginary time is a technique
of finite temperature field theory. From this derivation, we can imagine
that Hawking temperature of black hole corresponds to temperature of finite
temperature field theory. If we impose that p is real number as a radius of
two-dimensional plane, we get r > ry from (69). Therefore, a range of r is
from ry to oo in Euclidean formalism.

3.2 Phase transition of the scalar field

In this subsection, we analyze the phase transition of the scalar field which
corresponds to the order parameter of superconductivity.
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3.2.1 Equations of motion

The EOM of ¥ from (58) is
D'D,V — m?*¥ = 0, (72)
and the EOM of A, is
V F' +4iU (D))" — iU (D) = 0, (73)

where £}, = 0,4, - 0,A, =V, A, -V, A, and D, =V, —iA,. Next, we
consider a solution of these equations with the ansatz as

UV=yU(r), A4 =o(r), A, =A,=A4,=0, (74)

where W and ® are real functions. r dependence of ¥ and ® means uniformity
of the field theory side. With this ansatz, let us see explicit forms of the EOM.
Christoffel symbols for the computation are

e _ =t v 1 . , f . _
e W? F'rz = ng = ;7 Fzz = Fyy = —fT, Fit = ﬁ? Ftt = T
(75)
Substituting (74) to (72), we obtain
¢ (0,D,¥ — T, D\¥ —iA,D, V) — m*¥
1 2 ’ @2
—fw +(f/+—f)\11 b Y =0, (76)
r
Dividing (76) by f, we get
! 2 2
v 4 (f )\D’+—\If+ = 77
f [ER 7
where m? = —2. Similarly, (73) becomes
0" + Tl FY +i%(D"0)* — iw*(D"¥) = 0. (78)

In the case of v = z,y, the left hand side is zero. In the case of v = r, (78) is
i0(T) — iU T =0, (79)
and the left hand side is zero with W = WU*. In the case of v = ¢, (78) is

2, 202
TP - =0 (80)
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3.2.2 Asymptotic solution

We consider an asymptotic solution of (77) and (80) at r — oco. Assume that
® is finite at 7 — oo. With this assumption, (77) is

4 2
U+ ;\If’ + 73\11 =0 (r — o). (81)

Therefore, the asymptotic solution is

g p®
‘IJZT—F? (T’—>OO) (82)
Similarly, (80) at r — oo is
11 2 !

O +-9 =0 (r — 00), (83)

T

and the asymptotic solution is

p

where we put a minus sign because of (42).

As discussed in section 2, we interpret the coefficients in (82) and (84)
as the source and its response in the field theory side. Since the mass of the
scalar field (64) satisfies the condition (55), we can interpret both ¥ and
U as the expectation value of the operator. In addition, we interpret p as
a chemical potential (source) and p as a charge density (response).

3.2.3 Boundary conditon

In order to solve the EOM, we need to decide boundary conditions. Now, we
impose three boundary conditions.
First boundary condition is

d=0 (r —1o). (85)
Since ¢ in —/—gg""®?WV? diverges at r — r(, this condition prevents the
divergence of —y/=gg"®?¥? in (58).
Second condition is
3reW + 20 =0 (r — 7). (86)

This condition is related to (77) and finiteness of ¥ at r — 7.

21



Third condition is
vW =0 or wO =0y, (87)

This condition means that the source of the scalar field in the field theory
side is zero. For example, in the case of ¥ =0, ¥ is the source and U®
is its response. If the temperature is enough low, U® can take a nonzero
value because of .

Since there are the two differential equations with second order, their so-
lution has four parameters. With the three boundary conditions, the freedom
of the solution decreases and we can describe the solution by one parameter.

3.2.4 Phase transition

Before the numerical computations, consider how the phase transition occurs
qualitatively.
For any value of Hawking temperature 7', there is a solution of (77) and
(80) as
U =0, <I>=u(1—%)- (88)

In fact, we can check that this solution satisfies (80) and the boundary con-
dition (85). Since W of this solution is zero, this solution represents normal
conductivity.
If Hawking temperature 7T is low enough, the scalar field can have a
nonzero value and there is a solution as
ORI TC) p
V=—o ——, P=p—- r — 00). 89
. - p=r ) (89)
This solution represents super conductivity because of the nonzero scalar
field. The reason for such a solution is the coefficient of |¥|? in (58). We
denote this coefficient by m%;. Substituting (12) to m2;, we get

pA (1 — )2
(- 1)
7"3

3u\2 1-1

2 r

= — ) 90

m (47TT> 1_|_LO+% (90)
T ',"0

2 _ 2 g2 _ 2
Meg =m"~ + g~ P° =m* —

Thus, if T is low, m?; becomes little and the phase transition can occur
such as a phase transition by Higgs potential. For this phase transition, the
shape of the metric and the existence of the scalar field and the U(1) field
are important.
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In the low temperature region, the Euclidean classical action Syyspen can
determine which solution is favored. In the holographic superconductor
model, the right hand side of (1) corresponds to the generating functional
of the field theory. Therefore, we consider Synshen as a free energy and the
solution with smaller Sy.gnen is favored. Generally, the free energy of the
super conductivity solution is smaller than one of the normal conductivity
solution and the phase transition occurs. We will compute the free energy in
the next section.

3.2.5 Result of numerical computation

We solve the simultaneous equations (77) and (80) with the boundary con-
ditions (85), (86) and (87). We perform numerical computations by Mathe-
matica. We use a numerical code on the homepage of C. P. Herzog [30].

Denote the operators in the field theory by O;. We consider these oper-
ators as order parameters. We normalize these operators as

(0) =200 =12 (91)

Figure 1 and figure 2 show numerical result of ;. The horizontal axes are
Hawking temperature 7', and the vertical axes are (O;) and /(Os). We
normalize the horizontal and vertical axes by the critical temperature 7, at
which the phase transition occurs. As it can be seen from the figures, (O;)
has nonzero value below the critical temperature 7T, and the phase transition
occurs.

For the numerical computations, we need to determine two parameters:
Hawking temperature 7" and the coefficient of (89) (for example, p). However,
we can consider only one parameter by using the symmetry of the metric (59).
In order to see it, consider a coordinate transformation as

/ / /
r=ar, tzt—, 95:27 yzg- (92)
a a a
Under this transformation, (59) becomes
dr’2
ds® = —f(r")dt” + ) + 1 (dz”? + dy”?), (93)
r
M/a?
2
fry=r"- o (94)
Hawking temperature of this coordinate system is
3MY3 T
T = =, 95
dma a (95)

23



10 - .
8 [
<0;> 6;
T. f
4 [
2 -

0
0.0
T
T,
Figure 1: T dependence of O,

8 [ _

6 [ —

\ <0,> [ 1

T, 4r 7

2 [ —

0 I 1 1 1 1 1 ]

0.0 02 04 0.6 038 10

T
T.

Figure 2: T dependence of O,

24



Moreover, (89) changes as

g/ g2 g p®) \p(l)/a \1;(2)/a2
- 7! 2 =v r + r2 - r! + P2 (96)
<1>’(7"’)Zu’—ﬁZ—ZM/G—M:/L/G—&L2
r

Y
,r/

w'(r")

|
—~
=
~—
I

(97)

where " means the physical quantity in the ’ coordinate system. Thus, some

relations hold such as .

P _ P

T2 2
After all, the solutions which satisfy (98) are equivalent under the coordinate
transformation (92). In the numerical computations, we first computed with
T = 3/4w, and we changed the coordinate system to p = 1 by using (98). In
fact, we used

(98)

P 1
(3/4m)2 ~ T2
p in the left hand side is the value in the numerical computation and 7" in the
right hand side is the value with p = 1 after the coordinate transformation.

(99)

3.3 Electric conductivity

In the holographic superconductor model, we can also calculate electric con-
ductivity. In order to compute electrical conductivity, we need a source of a
electric field. Therefore, we introduce a perturbation of A,. In addition, we
use an ansatz as

A, = A (r) exp(—iwt), (100)

where w is frequency of the electric field, w = 0 corresponds to a direct current
and w # 0 corresponds to an alternating current. In first order perturbation
of A,, the EOM of A, is

/ w2 2\1,2
LAy (— - —)AI ~0. (101)
f P
We use the classical solution which we computed in the previous section as
v,

From (45), the asymptotic solution is

AL+

ALY
4, = A® ¢ (102)
r
Moreover, we impose a boundary condition as
Ay (o) oc i/ (103)
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This condition means that there is no flow from inside of the black hole. In
fact, (103) satisfies (101) as

—iw(—iw — 3ro) f /3072 Bpgiw fR/Br0T2 2 fB0m2 — 0 (104)

Near r = r, the metric (59) becomes

ds® = — fdt*+ fdr? + r*(dz® + dy?), (105)
1
r, = —Ogg j;(r), (106)

under the approximation of f* = 3r. In this coordinate system, (100) be-
comes

A, x expl—iw(r, +t)], (107)

and this solution is flow into the black hole under the time evolution.

As section 3.2, we consider the coefficients of (102) as the physical quan-
tity in the field theory side. AY) = A, is a source and AY" = (J*) is a current
density. With this assumption, the electric conductivity o(w) is

B i U € . N iA%)
- E, A, wA, Al

(108)

In [15], the authors found that the DC electric conductivity (108) at w = 0
of the holographic model diverges. This divergence is the origin of the name
“holographic superconductor”.

Moreover, the DC electric conductivity with a lattice effect is studied in
[31]. The authors of [31] considered a neutral scalar field source

¢1(x) = Ag cos(kox), (109)

on a charged black hole. This source violates transformation invariance.
They found that the electric conductivity has a power-law behavior

B

\U(W)!:m

+C, (110)
at intermediate frequency. This property is similar to the property of the
cuprate high-temperature superconductor (normal phase) [32]. Because of
this coincidence, it is considered that the holographic models can describe
the high-temperature superconductor.
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4 Frustrated holographic superconductor

In this section, we consider a three-scalar holographic superconductor model.
We analyze its equations of motion and solutions. By choosing specific values
of parameters, we find that there are two chiral solutions whose free energy is
minimum. Therefore, this holographic model can describe frustration. This
part is based on our paper [14].

4.1 Motivation

Frustration is a situation where there are several competing constraints (see,
for example, [33, 34]). This competition can trigger degeneracy of ground
states. Because of this degeneracy, frustrated systems can have a rich phase
structure. Antiferromagnets on a triangular lattice is an example of the
frustrated systems.

For example, consider a potential

f(0) = cos(by — 0s) + cos(fy — 05) + cos(f3 — 61), (111)

and compute its minimum. We can minimize two of the potential terms in
(111), however, we cannot minimize all terms together. Thus, the potential
(111) is one example which describes the frustration. Configurations of
which minimize the potential (111) are

2T

61—92:92—93:93—91:?, (112)
and
A
Or =0 =0, — 3 =05 — 0 = —. (113)

We can define chirality of 6 to distinguish these two minima as we will see
later. As this example shows, the frustrated systems tend to have some
ground states.

In condensed matter physics, a three-band superconductor model was
proposed as a frustrated systems [35]. This model is considered to study
multiband superconductivity such as Fe-based superconductor [36]. In or-
der to cause frustration, the authors of [35] introduced three scalar order
parameters and Josephson coupling between the scalar fields as (111). In
this model, #; are complex phases of the scalar fields. They found that their
model has chiral ground states which correspond to (112) and (113). These
states have nonzero chirality and their free energy is the same.
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Based on [35], we expected that a three-scalar holographic superconductor
model also has the similar solutions which correspond to the chiral ground
states. Moreover, the Fe-based superconductor is one of high temperature
superconductors by strongly correlated effects. Therefore, we may reveal
the physics of the Fe-based superconductor from holographic superconductor
models with multi order parameters This is a motivation to study the three-
scalar holographic superconductor model.

4.2 Three-scalar holographic superconductor model

We consider a three-scalar holographic superconductor model as

1
S = [ dey=g] - {F"Fu - IDur = Dl = Dyl
- mf|<,01|2 - m3|802|2 - m§|803|2
— e12(1p2 + r195) — €a3(P503 + P203) — €31(P301 + V307)
—n(lea]* + 2] + sl ] (114)
D,=V,—iA,, (115)

where we introduce a U(1) field A, three complex scalar fields ¢;, three
nonzero Josephson coupling €;;, and a nonnegative constant 7. The potential
term €12(] P2 +0195) + 23503+ P23) +e31 (501 +w30]) With €1 = €93 =
€31 > 0 corresponds to (111). In this section, we use the AdS black hole
metric as

ds® = ;(—f(z)dtQ +da? + c?yz n ]f("’;), (116)
fz)=1- (2—h> , (117)

where z = 1/r and zj, is the horizon radius of the black hole. We consider the
probe limit and fix this metric. The quartic potential in (114) is one choice
where the chiral ground states exist.

4.3 Solutions with n =0

First, we analyze the three-scalar holographic superconductor model with
n = 0. Its equations of motion of ¢; are

DFD,p1 — mipr — €122 — €31p3 = 0, (118)
DFD s — m3pg — €303 — €12¢01 = 0, (119)
D*D o3 — m3p3 — €311 — €232 = 0. (120)
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There are three types of the solutions in these equations:
Sol.1 1 = g = 3 =0.

Sol.2 One scalar field is zero and the others are nonzero such as
P1 7é 07§02 7&07903 = 0.

Sol.3 @1 # 0,02 # 0,3 # 0.

In order to study frustration between the three scalar fields, we examine
Sol.3. For simplicity, we rewrite ¢; as

i = '™, (121)
where 1); > 0 and we use an ansatz
A= A(z), i =i(2), 6; = const., (122)

and the other components of A, are zero. With this ansats, the equations of
motion are

VM — 23 A — 2p3 A” — 23 AV = 0, (
Vu Vi — Ay Ay — miihy — €y1hy — €y1h3 = 0, (
V. VHhy — Ay Afapy — miihy — ehgths — €)9thy = 0, (
V. Vg — A, Alfps — miis — €511 — €h3thy = 0, (
€191 sin (61 — Os) + 319193 sin (67 — 03) = 0, (127
€2312103 8in (0 — 03) + €129t sin (0, — 01) = 0, (
€3193%1 sin (03 — 01) + €x3th3thy sin (03 — 03) = 0, (

)

(

6,12 = €19 COS (81 — 02), 6/23 = €93 COS (02 - 03), 6&1 = €31 COS (93 — 01 .
130)

Let us focus on the equations of 6;. There are two types of the solutions:
Sol.3a sin (0; — 63) # 0,sin (fy — 05) # 0,sin (65 — 6;) # 0.
Sol.3b sin (01 - 92) = sin (92 - 03) = sin (03 - 91) =0.

As we will see later, Sol.3a has nonzero chirality.
Consider a condition for the existence of Sol.3a. From (128) and (129),
we get

_631 sin (‘93 — 91) €192 sin (02 — 91)

V2= €23 sin (05 — 92)%7 Vs = ~ €g38in (0 — 03)%' (131)
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Because of 1; > 0, we need

€31 sin (63 — 91) €12 sin ((92 — 91)

: 132
€23 sin (03 - 02) ’ €23 sin (92 - 93) <0 ( ’ )

Substituting (131) to (124), (125) and (126), we get

VLV A, AR (m% - 3) b1 =0, (133)
€23

V,N”"sbl _ AMAuwl o (mg . 623612) wl _ O, (134)
€31

V, Vi — A Aty — (m§ - 631623) P =0, (135)
€12

Therefore, Sol.3a exists only if

€12€31 €23€12 €31€23
- ) (136)
€23 €31 €12

Let us consider the other solutions with (136).

Sol.1 1 = g = 3 =0.

Generally, nonzero scalar fields decreases the free energy. Therefore, the
free energy of this solution is not minimum if Hawking temperature is
low enough.

Sol.2 o1 # 0,02 # 0,3 = 0.
From (120), we get

Wby = _%¢16i<9192>, (137)
and
91—92:0 or T, (138)

are the solutions of the equations of 6;. Substituting (137) to (125) and
(126), we get

V.V — A, Afrpy — (m? - 6162631) by =0, (139)
23

YV, VHapy — Ay Ay — (mg - 6263612) Yy =0, (140)
31
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Sol.3b

and the solution with @1 # 0,92 # 0,3 = 0 can exist if (136) holds.
Similarly, we can derive other solutions with ¢; = 0,y # 0,903 # 0
and ¢ # 0,2 = 0,93 # 0. Since the mass squared of ¢; in (133) and
(139) is the same, the free energy of these solutions is the same as that
of solution 3a.

sin (91 — 92) = sin (62 — 93) = sin (03 — 91) =0.

In this case, we can use the diagonalization. We diagonalize a matrix

as
2 /
my € €31
/ 2 /
€l M5 €hs | . (141)

/ !
€31 €3 N3

If (136) holds, we can transform this matrix to a diagonal matrix as

m% __ €12€31 0 0
€23 9
0 m? — azea 0 . (142)
€23 2 €31€ €93¢€
0 0 mi + 361 23 | €23€12
12 €31

In order to analyze the free energy, we assume that the scalar fields

with m? — 251 and m? + €l 4 392 can not coexist in this model.

We will explain this assumption later. If ejp€23¢37 > 0 holds, the free
energy of this solution is the same as that of the solution 3a since

2 €12€31 2 €31€23 €23€12 :
mi — Teos < mi + T + Tem " HOWGVGI‘, if €12€93€31 < 0 hOldS7 the

free energy of the solution corresponds to m? + S8 - 892 s smaller
than that of the solution 3a.

In short summary, we found that there are some solutions whose free
energy is same if n = 0, €12€23€3; > 0 and (136) hold.

4.4

Solutions with n > 0 and their free energy

Second, we study the three-scalar model with 1 > 0, €19€93€37 > 0 and
(136)." In particular, we compute the free energy with n > 0 by substituting
the solutions with > 0 to the action.

We can derive the equations of motion of v; as

VHV“% - AHA“% - m%wl - 6/121#2 - Gfgﬂbs - 27]1@ =0, (143)
V, VFpy — Ay APrhy — mithy — ehgths — €010 — 2np3 = 0, (144)
V, Vs — AHAM¢3 - m§¢3 - 6&1% - 6/231/)2 - 277¢§ =0, (145)

"'We would like to thank K. Hashimoto for useful suggestion about this subsection.
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and the equations of motion of A, and 6; are the same as (123), (127), (128)
and (129). From now, we set

2 2 2
mj = Mgy = Mgz, €12 = €3 = €31 > 0. (]_46)

In this choice, the chiral ground states is symmetric with respect to 6; such
as (112) and (113).

Sol.2 o1 # 0,02 # 0,3 = 0.
Substituting (137) to (143) and (144), we get

V. Vi — A, Ay — (m% — 3) Uy — 2 = 0, (147)

€23

2
YV, VHapy — Ay Ay — (mg - 6236”) Yy — 21 (?) P =0, (148)

€31 23

and these equations are the same with (146). This equation is the
same equation in [37, 38]. Substituting (137) to (114), the on-shell
action becomes

1 €12€
Son—shell = /d4l’\/ -9 |: - ZFuVFNV - 2|D,U»1/}1|2 —2 (m% -2 31) lﬁ - 27777Z)i{|

€23
1
= / dor/=g| = P B — D[P = (md = S22 ) g = By,
4 €23 2
(149)

where a new scalar field v’ is redefined as

U =297, (150)

for comparison of the free energy. The coefficient of the quartic po-
tential in (149) is 7/2. In the case of p; = 0,2 # 0,3 # 0 and
w1 # 0,900 = 0,3 # 0, we can obtain the similar on-shell action.

Sol.3a sin (6 — 63) # 0,sin (A2 — 65) # 0,sin (63 — 6;) # 0.
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Substituting (131) to (143), (144) and (145), we get

V. Vi — A APy — (m% -~ ) by — 2 = 0, (151)

€23

€93€ €31 8in (05 — 6 2
Tttt = (= 22 )y o (RG] =
(152)

6128111(92 —01))2¢3 —0
1 = U

€23 sin (92 — 93)

€q1€
V, VHipy — A, Afapy — (m§ - 361 23) Wy — 21 (
12

(153)

If (146) holds, the solution 3a is possible only if
1 — s%n (s — 61)\° _ s%n (6, —61)\? | (154)
sin (03 — 6s) sin (0 — 03)

There are two solutions of 6; which satisfy this condition with (132):

2
91—92:92—93:93—01:?”, (155)
and
47
91—92:92—93:93—91:?. (156)

These configurations are the same as (112) and (113). We define chi-
rality as the sign of i(¢jp2 — v1935) = 210y sin (6 — 0,). With this
definition, the solutions (155) and (156) are chiral as figure 3. Substi-
tuting (131) and (154) to (114), the on-shell action can be obtained
as

1 €12€
Son—shell = /d4xv _g|: - ZFW/FMV - 3|Dﬂwl|2 -3 (m% - = 31) ¢% - 3777?411}

€23
1
= / d'or/=g| = TP B — D[P = (md = 2250 ) 2 = ],
4 €923 3
(157)

where a new scalar field 1)’ is redefined as

U = 397, (158)

and the coefficient of the quartic potential in (157) is /3.
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05 Oy 0O 05

Figure 3: Chiral solutions (155) and (156). Three allows describe the phase
angles of the three scalar fields. By using a mirror operation, we can inter-
change the two solutions.

Sol.3b sin (6, — ) = sin (fy — f3) = sin (05 — 0;) = 0.

Consider the solution with cos (63 — 65) = 1,cos (6, — ) = cos (03 — 61) =
—1 as an example. Towards the diagonalization, we redefine 1] as

2 1 1
Y= Tt et %wg, (159)
1 1
Yy = ——2% + E%, (160)
Py = : Y1+ i% + ! Vs (161)

V3
With this definition and (146), (114) becomes

1
S = / Ao/ =g[ — T Fou — DI ~ Dt — D04

€12€31 €12€31 €31€23
- (m- P (-2 (g Sy
€23 €23 €12

— () + vd+ )] (162)

Since rigorous proof of the existence of solutions is difficult, we assume
that there are only four types of solutions with n = 0:

- W # 0,4 =y =0 or by # 0,95 = 5 = 0.
- ) = Ay # 0,95 =0 (A is constant).
- =1y = 0,95 # 0.
- =1y =1y = 0.
This assumption is reasonable because the scalar fields with different

mass squared do not become nonzero together in a two-scalar model

34

€23€12

€31

)
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[39] as we explained before. With this assumption, we can derive the
solution with n = 0 as

Uy =1,y = Aoy =0, (163)
2 1434 1434

77Z)1 - %¢7¢2 - T¢)¢3 - \/6 ¢7 (164)

w>0,—i<A< ! (165)

V3 V3

Then, we consider whether (164) is the solution with n > 0. Substitut-
ing (146) and (164) to (143), (144) and (145), we get

4
U,V — A, Al — (m% - 33) ¥ —5m* =0, (166)
1 —+/3A)?
V, Vi — A, Al — (m% _ m> ) — %mﬁ =0, (167)
€23
1 A)?
YV, Vi) — Ay Ay — (m% _ 6162631> W — %mﬁ =0. (168)
23

Since these equations are not the same with n > 0, (164) is not the
solution with 7 > 0. In the case of cos (0; —6y) = 1,cos (0 — 03) =
cos (A3 —01) = —1 and cos (05 — 01) = 1,cos (0 — 03) = cos (0 — 03) =

—1, we can obtain the same conclusion.
In the case of cos (0; — 63) = cos (0 — 03) = cos (03 — 01) = 1, we can

find the solution as

VY1 =g = 3. (169)

In fact, by substituting (146) and (169) to (143), (144) and (145), we
get

€23€12

€31€
9 31€23
1 +

€31

€31

€23€12

s — 25 =0, (172)

V, Vi — A, Aty — <m + =
12
VHV“% B AHA“% B <m§ n €31€23
€12
V“vu¢3 _ AﬂAﬂwg . (mf i €31€23
€12

35

+ 3) Uy — 208 =0, (171)
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and we obtain the on-shell action as

1 €31€ €93€
Son—shell = /d4Iv _g|: - ZFuyFHU - 3|D#¢1|2 -3 (mf + o 23 2 12> - 37]¢1

1
/d4x\/_[ — ZFWF — D) — (m% i 631623 623612) 2 1/} ]

€12 €31
(173)
where a new scalar field v’ is redefined as
U = 37, (174)

and the coefficient of the quartic potential in (173) is 7/3.

Third, we compute the free energy of the three solutions by a numerical
computation. For the numerical calculation, we set the parameters as m? +
Sl 4 Sl — 0,m? — 281 = —2 and n = 1/2. We impose boundary
conditions as

V'(2) = (0)2* (Sol.2 and Sol.3a), ¥'(z) = (O3)z® (Sol.3b), A,(z) = p — pz,
(175)

and we fix = 1 as section 3.2. We can derive the equations of motion of 1’
from (149), (157) and (173).

Figure 4 shows a plot of the three solutions. Sol.2, Sol.3a and Sol.3b
correspond to the blue, red and green curves, respectively. We define T, as
a critical temperature of Sol.3a. Figure 5 shows a plot of the free energy
density Sg/ [ dtdzdy. In order to calculate Sk, we use the Euclidian action
of (149), (157) and (173). From this figure, we can conclude that the free
energy of Sol.3a (the red curve) is minimum . Therefore, the solutions (155)
and (156) are the chiral ground states if n > 0 and (146) hold.

4.5 Short summary

Summarizing the above, we have analyzed the three holographic supercon-
ductor model and its equations of motion. This holographic model can de-
scribes the frustration between the scalar fields because of the Josephson
coupling such as e€ja€03¢31 > 0. We have studied the classical solutions of
our holographic model with n > 0 and (146). Especially, we have found
that there are the chiral ground states (155) and (156). The degeneracy
and nonzero chirality of the ground states are strongly related to the frus-
tration. Because there is a holographic model [31] which has the property
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Figure 4: Plot of the coefficients of the scalar field in each solution. corre-
spond to The blue, red and green curves represent Sol.2, Sol.3a and Sol.3b,
respectively. T, is a critical temperature of Sol.3a.
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Figure 5: Plot of the free energy density. The free energy of Sol.3a which
corresponds to the red curve is minimum.

of the cuprate high-temperature superconductor, our holographic model also
may predict the property of frustrated superconductors in strongly correlated
systems. Analysis with other parameters values or other ansatz is interesting
as a future work in order to find a rich phase structure.
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Part 11

Correspondence between
conformal partial wave and
geodesic Witten diagram

5 Review of conformal partial wave and geodesic
Witten diagram

In this section, we review conformal partial wave (CPW) and geodesic Witten
diagram (GWD). In particular, we review the correspondence between CPW
and GWD with external scalar fields in [18]. This review is also based on
[22, 40, 41, 42, 43] and our paper [17].

5.1 Conformal partial wave

Conformal partial wave (CPW) is a basis of correlation functions of CFT. It
can be determined by conformal symmetry only and does not depend on the
detail of the theory.

5.1.1 Definition

Consider a d-dimensional Euclidean CFT. It is well-known that four point
functions of primary fields O, in CFT are expanded by CPW Wa ,(z;),

(O1(21)Os () O3(3) Oa(4)) = Y CraoC%Wa o(ws), (176)
@]

where O is a primary field with conformal dimension A and spin ¢, Cis0
and C9,, are the operator product expansion (OPE) coefficients. The OPE
coefficients are related to the coefficients of three point functions and they
depend on the detail of the theory. On the other hand, CPW Wx 4(x;) is
defined as a basis of correlation functions such as (176) and it does not depend
on the detail of the theory. This universality of CPW comes from constraints
of correlation functions in CFT.

5.1.2 Property

CPW has the following three properties [40]. We can also define CPW as a
function which has these properties. However, we can not determine the nor-
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malization of CPW by using these property only. For simplicity, we consider
scalar primary fields O; with conformal dimension A;.

1. Transformation law under conformal transformation

By definition, the scalar primary fields O; with conformal dimension
A; are transformed under conformal transformation as

24
d

o’

Oi(a’) = O

O;(x), (177)

where ‘%—5’;‘ is the Jacobian of the conformal transformation. From
this transformation law of the scalar primary operators, CPW of O; is
transformed under the conformal transformation as

_By
a4

ox’'

Wau(z) = [ T
A,f(‘rz) ( =1 ax

) Wao(x;). (178)

2. Solution of the conformal Casimir equation

Since the conformal group in d-dimension is equivalent to the Lorentz
group in d+ 2-dimension as SO(d+1, 1), we use the Lorentz generators
L 4p in d+2-dimension instead of the generators of conformal symmetry.
Lap acts on a local field O(x) as

[Lap, O(z)] = (L) apO(z), (179)

where (L;)ap is the differential operator of x and its explicit form
depends on O(x).

For simplicity, consider a scalar exchange CPW Wx o(x;). By inserting
the complete set into (176), we can express Wa o(x;) as

1 > (0] O1(a1)Os(x2) |a) (@] Os(w3)Oala) 10).

Waolx;) = =——7—
A,U( ) 01200(934 -

(180)

where |a)s are states for the conformal family of O(z) and O(z) is
a scalar primary field with conformal dimension A. Consider the
quadratic Casimir of the Lorentz group 1LapLAP. |a)s are the eigen-
states of $L4pL*P and their cigenvalues are [44]

SLapL” |a) = Co(A,0)|) = ~AA ~d) o). (181)
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Let us derive the conformal Casimir equation for CPW. By using (179)
and the conformal invariance of the vacuum, we obtain

S+ L) an(EE) + L) (0] O1(20) Osl) )
1
= 0117, [Lap, Ou(2) O] )
1
= (0] 01($1)O2($2)§LABLAB ), (182)

where L is the differential operator for a scalar primary field. From
(180), (181) and (182), we obtain a second order differential equation

1
§(L§501) + LN ap (LY + L)Y Wa o(2;) = Co(A,0)Wap(;). (183)

This equation is the conformal Casimir equation for CPW.

3. Boundary condition

Since the conformal Casimir equation is a second order differential
equation, we need a boundary condition to obtain the solution. This
boundary condition can be determined by OPE. Consider OPE of the
scalar primary fields O;(x;) as

(91<$1)02(l‘2) ~ 012@|$12|A_A1_A20(5L‘2) + - s (184)

where x15 = x1 —x9. The power of x15 in the OPE is determined by the
conformal dimensions of the scalar fields. From this OPE, we obtain
the boundary condition of CPW as

. 1
i Waol(wi) & s mx

(185)

5.1.3 How to construct CPW

In this subsection, we introduce some methods to construct CPW explicitly.

1. Solving the conformal Casimir equation directly

First method is solving the conformal Casimir equation and finding its
solution which satisfies the properties of CPW in the last subsection.
For example, in [45], the authors solved the conformal Casimir equation
and found an expression of CPW in terms of hypergeometric functions.
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2. Shadow formalism

Second method is so-called shadow formalism [47, 48, 49, 50, 51]. De-

fine the shadow operator O(z) of a scalar primary operator O(z) with
conformal dimension A as

O(z) = /ddx’I&. (186)

T — x|2(d—A)

This shadow operator (5(:10) is a scalar operator with conformal dimen-
sion d — A. Let us construct an integral

/ d20(2)]0) (0|0 (x). (187)

and insert (187) into (176). Then, we obtain

/dd:v(Ol(asl)Og(xg)O(:E))(6(:76)(93(333)(94(:174)) X Wao(z:)+EKoWano(z;),

(188)
where Ko is a constant. Since the integral in (188) satisfies the con-
formal Casimir equation and conformal dimension of (187) is zero, we
can obtain CPW by computing the integral in (188). Wy_ao(z;) is
the shadow CPW and it is a solution of the conformal Casimir equa-
tion with a boundary condition different from Wa o(x;). In particular,
the authors of [50, 51] derived a double integral representation for the
scalar CPW by using the shadow formalism.

3. Construction of the amplitude of geodesic Witten digram

Third method is constructing the amplitude of GWD which we will
define in the next subsection. In [18], the authors proposed GWD as
the gravity dual of CPW. In particular, they constructed and com-
puted the amplitude of GWD with external scalar fields and showed
the correspondence between the amplitude of GWD and CPW up to
normalization. It is expected that this correspondence holds for any
fields such as symmetric tensor fields, antisymmetric tensor fields, and
fermionic fields. For justification of the construction, it is better to
confirm that the amplitude of GWD which we constructed satisfies the
properties of CPW.

5.2 Geodesic Witten diagram

In this subsection, we explain what is GWD.
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GWD is a diagram which describes the reaction process on AdS spacetime
such as Witten diagram. However, the integration range in GWD is different
from the integration range in the Witten diagram. For the Witten diagram,
we integrate interaction points over all AdS spacetime. On the other hand,
for GWD, we integrate interaction points over the geodesics between external
fields at the AdS boundary. Witten diagram was proposed as the gravity dual
of correlation functions of CFT in [20], and GWD was proposed as the gravity
dual of CPW in [18].

For example, consider a scalar exchange GWD with four external scalar
fields as Figure 6. We define the amplitude Wa o(z;; A;) of this GWD as

Waolesd = [ " / AN Gro(y(N), 215 A1) G (y(N), 2: Ag)Gin(y(N), y(X); A)
XGba(?/(}‘/)a T3; A3>Gba(y()‘/)a Ty; A4)7 (189)

where A and )\ are proper time coordinates of the geodesics y12 and 7s4. 7
are the geodesics between boundary points z; and z;. y()\) and y(\') are co-
ordinates of 15 and 734. Gpg and Gy, are the bulk-boundary propagator and
the bulk-bulk propagator on AdS spacetime, respectively, (see, for example,
[22, 52])

Croly, 115 ) = (*)A , (190)

u? + |z — ;|2

, AA+1 d
Gu(y, ¥ A) = % (E’T’A+1_§;€2) ; (191)
€= 2uu (192)

u? +u? + |z —2/|*
We use d + 1-dimensional AdS metric as

_du® + dzda”

2 _ a
ds " , oyt ={u, 2z}, (193)
The explicit form of y(A) is
|21 — 5
u(d) 2cosh A\’ (194)
22\ = 2 ‘2”"2 _ 4 ;""”2 tanh \. (195)

We note that (189) coincides with a double integral expression of CPW in
[50] (d =4).
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3

Figure 6: Scalar exchange geodesic Witten diagram with four external scalar
fields. The orange dot curves describe the geodesics 7;; between the boundary
points x; and ;. The blue straight lines represent the scalar propagator. The
interaction points are integrated over y on the geodesics v;;.

5.3 Embedding formalism

In order to check the correspondence between CPW and GWD, embedding
formalism is useful (see, for example, [53, 54, 55, 56, 57, 58, 59, 60, 61, 62])
. In this subsection, we review this formalism.

Since conformal symmetry in d-dimension and isometry of AdS;.; are
equivalent to Lorentz symmetry in d+2-dimension, we can use d+2-dimensional
embedding Minkowski spacetime to express a d-dimensional CFT and a the-
ory on AdSy,1. This method is called the embedding formalism.

Let us embed AdS,; and d-dimensional flat space R? into d+2-dimensional
Minkowski spacetime RV4*1 explicitly. AdSg,; coordinates y* = {u,x%} are
embedded into Y4 such that

YA= (YT Y, Y9 (196)
1

= —(1,u* + 2%, 2%) (197)
u

where Y4 are coordinates of R"*!. On the other hand, d-dimensional flat
space R? at the AdS boundary is embedded into X4 such that

XA= (Xt X", X9
= (1,2%,2°), (198)

where X4 are also coordinates of Rb4+1,
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In the embedding formalism, we introduce fields on d + 2-dimensional
Minkowski spacetime RY¥*! and impose constraints of the fields for the d-
dimensional CFT and the theory on AdS;. ;. First, we impose the transverse
condition to traceless symmetric tensor fields as

X, Ty (X)) = 0, Ya, T (Y) =0, (199)
where T} is a tensor field in the boundary CFT and 7T} is a tensor field in

AdSg4y1. Second, we impose the condition for primary traceless symmetric
tensor fields in the boundary CFT as

Ty M AX) = A ATy A (X)), (200)
Moreover, we introduce the index-free notation [53, 54, 61] to express the
tensor fields simply. In this notation, we use auxiliary fields Z and W to

contract vector indices,

To(X;2) = Za, - Za, T3 MNX), Ty(Y; W) = W, --- W, T2 (YY),

(201)
We can restrict Z to Z? =27 -X =0and W to W2 =W -Y =0 [54].
The propagator in the embedding space [54] is expressed as
Gro(X,Y;A) = - (202)
bo sy 4y = <—2X . Y)A’
A A+1 d

be(}/laY2;A>E§A2FI (E,TjLaA‘f‘l—é;fQ) ) (203)
=YL (204)

By using these propagators, we can express the amplitude of the scalar GWD
(189) as

Wao(Xii Ay) = / Ty { / T AN G (Yi(V), X1, A1) Gra(Vi(A), Xos Ag) Gan(Vi(V), Ya(N): A)

—00 —00

x Gio(Ya(N), X33 As) Gra(Ya(N), Xu; As), (205)
where Y14(\) and Y3 (\') are

— —_\/ /
e X4+ e*Xoy e X3a + eV Xya

C Yau(\) =
J=2X; - X, 24(X) V—2X;5 - X,

Yia(A) = (206)
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5.4 Correspondence between scalar conformal partial
wave and scalar geodesic Witten diagram
In this subsection, we show that the amplitude of the scalar GWD (189),
(205) satisfies the properties of the scalar CPW based on [18]. This check
means the correspondence between the scalar CPW and the scalar GWD up
to normalization.
1. Transformation law under conformal transformation

For simplicity, consider a scale transformation
¥ = az. (207)
Under this transformation, the scalar CPW is transformed as
Wao(z)) = (o) Wao(:). (208)
The isometric transformation of AdS which corresponds to the scale

transformation is

v =au, 1 =ax. (209)
By definition, the bulk-boundary propagator Gy (190) is transformed
under this isometric transformation as

Gy, o, A) = OfAiGba(?/, zi; ;). (210)

The bulk-bulk propagator Gy, (191) is invariant under the isometric
transformation since £ is invariant under the isometric transformation.
In addition, the geodesics between the boundary points are transformed
to the geodesics between the new boundary points under the isometric
transformation. This proposition can be proved from the facts that the
geodesic is the shortest path between two points and the length of a
path is invariant under the isometric transformation. Therefore, the
amplitude of the scalar GWD (189) is transformed as

Wao(x}; A;) =/ CD\/ dN'Gua(Y'(N), 215 A1) Gra(yY' (N), 255 A2)Grp(y' (N), ¥ (N); A)
X Gua(y' (N'), 25 Ag)Goa(y' (X)), 2y; Ay)
(211)
= (I %) Waolwi; A). (212)

This transformation law is consistent with the transformation law of
the scalar CPW (208). We can also show the correspondence of the
transformation law under the other conformal transformation.
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2. Solution of the conformal Casimir equation

In the embedding formalism, the Lorentz generators are expressed as

0 0

¢ ¢
(L) ap = Xagys —Xpgya T S, (213)
where ng with £ = 0,1 are
81(4;)1)3 =0, (S,(ql])g)CD = NacNBD — NBCNAD- (214)
For the index-free notation, we define SS; as
W _ o, gy 9 _, 0 0
SAB:ZC(SAB) M—D—ZAaZB—ZBazA. (215)

We will use the fact that the Laplacian on AdS and the quadratic
Casimir are related [63] as

1

(ALY F(V) = =V F(Y), (216)

where f(Y) is an arbitary scalar function on AdS and the covariant
derivative in the embedding formalism is [54]

0 0 0
VAZW+YA<Y'8—Y)+WA<Y'W>. (217)

Then, let us show that the scalar GWD W o(x;; A;) satisfies the con-
formal Casimir equation. Define Fa, a, A (X1, X2,Y3) as

FAI,AQ,A(Xl,Xz,Yz)E/ dX Goo (Y1, X15 A1) Gra (Y1, Xo; A1) Gy (Y1, Yo; A),
(218)

Wao(zi; A) :/ dN Fayn,.a (X1, X2, Yo (X)) Gra(Ya(XN), X35 As) Gro(Ya(N), Xu; Ay).
(219)

Since Fa, a,.a (X1, Xo,Ys) does not have a vector index, it is invariant
under the SO(d + 1, 1) rotation. Therefore, we obtain
(L) + LY + L) ap Fay a4 (X1, X2, V) = 0. (220)

1

From (216) and (220), we get

1
§(L§?Z+L§?§)AB(L§?E+L§?§)AB Fayna (X1, X2, Ys) = =V, Fapapa(X1, Xo, Ya).
(221)
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Because Gp,(Y1, Y2; A) is a eigenfunction of V%Q and its eigenvalue is
A(A —d) [64], we get

S0+ L) an( L)+ L)Y Wa o A) = ~A(A—d)Waolri; A
(222)
For this derivation, we assume that the two geodesics do not intersect
each other. This assumption is related to the convergence of the OPE
and Wha o(z:; A;). (222) is just the conformal Casimir equation (183).

3. Boundary condition

A the limit of x5 — 0, the propagators behave as

lim Go(y, 213 A1) o 712|721, lim_ Gha(y, 72; Ag) o |29 722,
z12—0 x12—0
(223)
lim & o |z12], lim Gy, 9 A) o |z12]2. (224)
T12—r

x12—0

Therefore, we get

lim WA,O(%‘; Ai) X IE% Gba(y,%; Al)Gba(y,%; Ag)be(y,y’; A)

x12—0
1

X RS

(225)

Thus, the boundary condition of Wa o(x;; A;) is the same as the bound-
ary condition of the scalar CPW (185).

5.5 Merit of geodesic Witten diagram for conformal
partial wave

In this subsection, we list merits of GWD for CPW.

1. The properties of CPW is manifest in terms of the AdS propagator.

As we saw in the previous subsection, we can show that the expression
of CPW which constructed from the amplitude of GWD satisfies the
properties of CPW in terms of the AdS propagator.

2. A systematic way to find an expression of CPW by the AdS propagator

If we know the explicit form of the AdS propagator and three point
interactions in AdS spacetime, we can define the amplitude of GWD
systematically. Therefore, the construction of the amplitude of GWD
is a systematic way to find an expression of CPW.
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Figure 7: Scalar exchange geodesic Witten diagram with an external spin-
n field and three external scalar fields. The blue wave line represents the
propagator of the spin-n field. The meaning of the other lines is explained
in the caption of figure 6.

3. Calcualtion of the amplitude is familiar for theoretical particle physi-
cist.

Any theoretical particle physicist learns how to calculate the amplitude
of Feynman diagram. Therefore, calculation of the amplitude by using
the propagator is friendly for theoretical particle physicist. Moreover,
we may apply a numerical technic to calculate Feynman diagram for
calculation of GWD.

6 Geodesic Witten diagram with an external
spinning field
In this section, we construct the amplitude of scalar exchange GWD with an

external spinning field as figure 7 and show that its amplitude corresponds
to conformal partial wave (CPW) up to normalization based on our paper

[17].

6.1 Motivation

Since CPW is an important and fundamental object in CF'T, deriving an

expression of CPW is an interesting research project of CFT (see, for exam-
ple, [44, 45, 46, 47, 49, 48, 50, 51]). In particular, the CPW which includes
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external operators with spin is important because the stress tensor plays a
central role in CFT. However, in [18], the authors considered GWD with
external scalar fields only as the gravity dual of CPW. Therefore, towards
the generalization to external fields in any representation, we study the cor-
respondence between CPW and GWD with an external spinning field as the
simplest case.

6.2 Direct proof of the correspondence with an exter-
nal spin-1 field

In this subsection, we derive an expression of CPW with an external spin-1
field explicitly by using (189). We check that this expression corresponds to
the amplitude of GWD.

In order to derive the expression of CPW, we use the shadow formalism.
In preparation for the shadow formalism, consider the relational expression
between three point functions. In a CFT, the forms of the three point func-
tions are determined by conformal symmetry,

1
(O1(21)Oa(2) Os(3)) = |21 A1 A2 B g [Bo A=A [y [RsHA1- B2

(226)

a
T3

1 x4
a o 12
(T ()02 Ona3)) = o T S R (|x12|2

(227)

where O;(z;) are scalar primary fields with conformal dimension A; and
J%(x1) is a spin-1 primary field with conformal dimension A; + 1. We ignore
the OPE coefficients since we would like to show the correspondence up to
normalization. We can derive the relation between (226) and (227)

< 0 201 (712)a
ox§ |z12]2

(228)

From now, we denote CPW which includes four external primary fields

with conformal dimension A; and spin ¢; as Wﬁ 14’132’43’134)(%; A;). A and /¢

represent conformal dimension and spin of an exchanging primary operator.

Similarly, we denote the amplitude of GWD as W(AE}’ZQ’%’&‘)(xi;Ai). From
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) (O1(21)Og(22)O3(23)) = (Az+A1—A2)(Ta(21)Oa(72)O3(x3)).
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(188) and (228), we obtain (up to normalization)

(WA @A) = / (1) O2(2) O(2)){O(2) O3(5) Oa(4)) |

a

9 2A4( ~
- (0x @jﬁf ) / d"2(O01(21)Oa(2) O(x))(O(2) O3 (w3) Oa (4)) e
1
_ (9 28i(m12)a oooo DAL
a (axl |212]? ) WAO Ai)
0 24 (712)q (0,0,0,0)
= (g + ) R ) (229)

where ZZ = A; + 0;1. |pc means imposing the boundary condition for the
CPW to ignore the shadow CPW and the explicit boundary conditions for
CPW are

1

(0,0,0,0) /. .
Jim Wae' (zi; A;) o RS (230)
10,00, . A 1 (212)a
a:gIEO <WAO (x“ Al))a x |$12|A1+A2_A % |I12|2 . <231)

Thus, we have obtained the expression of CPW with an external spin-1 field
(229) by using (189).

However, the relation between the expression (229) of CPW and the spin-
1 AdS propagator is not manifest. In order to examine it, we deform (229)
by using the spin—l AdS propagator. In particular, we will show

0
< - +2A1 2)/ d)\/ AN Gro(y(N), 213 A1) Gra(Y(N), 725 Do) G (y(N), y(X); A)
8%1 |ZL‘12|
XGro(y(N'), 233 A3)Gra(y(N'), 245 Ay)

:/ d)\/ dN (G;B(y(A),xl;Al —i—l))ZGba(y()\),:cg;Ag)

0 "
xu(A)’5 70 )(be( y(A),y(X); A))

XGro(y(N), 35 Ag)Goa(y(N'), 245 Ay),
(232)

where Gjy(y,1; A1 + 1) is the spin-1 bulk-boundary propagator (see, for
example, [54, 65]),

(Gio(y,z1; A1+ 1)) = (%) - (u on B 2(y — 21)aly — xl)u> |

+ |z — 2|2 24— )2 (u? + |z — 21]?)?
(233)
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L.h.s of (232) is the explicit form of the last line in (229). On the other hand,
r.h.s of (232) is a definition of the amplitude of GWD W (L0, 00)( A ;). For
this definition, we introduce a three point interaction coefﬁ(nent u? ayu which

is the usual coupling of the scalar QED such as A, " ¢9,¢'. Therefore, the
relation (232) shows the correspondence between CPW and GWD with an
external spin-1 field.

In order to prove (232), we transform

0
0x§

/00 dAGro(y(N), x1; A1) Gra(y(N), w93 Ao) Gy (y(N), y(N); A).  (234)

From (194), (195) and the definitions of the propagators, we get

0 /_00 dAGra(y(N), 213 A1) Gra(y(N), 2; Ao) Gep(y(N), y(N); A)

a
0x§ J_o

— (A + A2)( 12)e /oo dAGra(y(N), 213 A1) Gra(y(A), 223 A2) Gep(y(A), y(N); A)

|«’7012|2

Q

" / A Gy, 1 A + 1)’ Gaaly(). a3 Aa)u(N

_ (
ay*(\) 0
OX  OyH(\

($12)

|$12|

Gu(y(A), y(X); A).
(235)

/ dAGra(y(N), T1; A1) Gra(y(N), 23 Ag)

~—

By using integration by parts, we obtain

a oo
ox¢

dAGya(y(N), 21; A1) Gra(y(A), 2; Do) Gep(y(A), y()\'); A)

—0o0

ﬁii? /OO dAGra(y(A), 215 A1) Gro(Y(A), 223 A2) Grn(y(A), y(X); A)

Iz . 2 0
T / D (GlafyN), 213 Ay 1) Gualy(N), 225 2)uN s

_—2A1

(Gr(y(N),y(X); A)),
(236)

where we assume |A; — Ay| < A to use the integration by parts. Then, we
obtain the final expression (232) after integrating (236) by A’ with multiplying
Gro(y(N), 235 A3)Gro(y(N), 245 Ay).

In the last definition of the amplitude, we used the minimal coupling
ALg" 0,0 since it is invariant under the isometric transformation. We can
also use other couplings which are invariant under the isometric transfor-
mation such as A,¢"$0,V?¢!. The amplitude of GWD with this coupling
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/Oo d\ /oo AN (Gly(y(N). 21 A+ D))" Gro(y(N), 22: )

0

ayu(A)VQ (Gu(y(N), y(X);: A))
xGro(y(N), 13; Ag)Gra(y(N'), 14; Ay)
—AB=d) [ dn [N (Gl A1+ D)’ Gaaly(), i B2)

0 .
5 (), y(Y): )

XGro(y(N'), 13; A3)Goa(y(N), 145 A4),  (237)

xu(\)?

xu(\)?

where we used [22]

_2A+1ﬂ.d/2r(A o d;22) i

(V2 = A(A = d)Gu(y(\), y(N); A) = (A NG

3D (y(A) = y(N)).
(238)

(237) is the same as the amplitude of GWD with the minimal coupling up

to normalization. As this example shows, we should use the coupling which

is invariant under the isometric transformation to define the amplitude of
GWD because of the transformation law of CPW under the conformal trans-
formation. B

In conclusion, we have proven the relation (232) between CPW WE’OO’O’O) (i3 A)

and the amplitude of the scalar exchange GWD W(Aly’é)’o’o) (xi; ﬁz) which in-
cludes an external spin-1 field and three scalar fields.

6.3 Proof of the correspondence by the conformal Casimir
equation

Let us check that the amplitude of GWD W(Al”é)’o’o) (z:; A;) satisfies the con-
formal Casimir equation by using the embedding formalism.

In the embedding formalism, the bulk-boundary propagator with spin J
[54] is expressed as

(=2X - Y)Z -W)+2Z-Y)(X -W))’
(—2X - Y)AJrJ :

Gl(X,Y; Z,W;A) = (239)

With these expressions of the propagators, the amplitude of GWD W(Al,’(?’o’o) (Xi; Z1; A;)
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in the embedding formalism is
W(Al,’é)’o’o) (X4 Z1; A)

_ / Ty { / T NG ViV, X: Ag) {Gla(Vi(N), X5 Z1, Tys Ar) Gin(Yi(A), Ya(N); A))

[e.e] [e.e]

X Ghp(Ya(N), X3; Ag) Gip(Ya(X'), Xa; Ay), (240)

where we denote the scalar bulk-boundary propagator as Gj,. By a similar
discussion as section 5.4, we can show that (240) satisfies the conformal
Casimir equation,

1 1 0 1 0 1,0,0,0 1,0,0,0
o (L) + L)an(Ly) + LYWL = —A(A = Wi ™, (241)

where Lg) is

o ) ) 0 0
(Lxas = Xagys — Xegxa + Zagyzs — Zegza

(242)

6.4 Correspondence with an external spin-n field

In this subsection, we define the amplitude of GWD with an external spin-n
field. We see that this definition of GWD is consistent with the formula of
CPW in [53]. Moreover, we determine the three point interaction in AdS
spacetime for this amplitude.

As an extension of (240), we define the amplitude of GWD with an ex-

W(n,O,O,O)

ternal spin-n field Wy j as

W(A%O’O’O) (X33 Z1; )

_ / T [ / T NG ViV, Xs Ag) (G (Vi (N), Xa: Z, Vi Ar) Gua(Vi (V). Ya(V): A)}

X Gy (Ya(N), X3 Ag) Gy (Ya(N), X3 D). (243)
For convenience, we also define
Fx’,OA;?,A(Xl,XQ,Yz; Zh) = / AN Gyy(Y1, Xo; Do) {Ghp (Y1, X13 Z1, Vyy; A1) G (Y1, Yo A)}
FX){Z?,A(Xl,XQ,E; Zy) = / AN Gpy(Y1, X103 A1) {Ghy (Y1, X23 Z2, Vyy; A2) G (Y1, Yo; A)}

(244)

From now, we check whether our definition of the amplitude of GWD (243)
is reasonable for the gravity dual of CPW.
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In [53], the authors derived a formula of CPW with symmetric traceless
tensors by using the scalar CPW and the differential operators. They defined
the following differential operators:

Dy = (X1 - Xo) (Zl . i) —(Zy - Xo) [ X - i)

9X, 09X,
—(Z1- 2Zy) (X1 : i) + (X1 - Z3) <Zl : i)
075 VAN
Doy = (X, X0) (25 i) —(z-x) (% i)
0X1 0X,
0

( . (Xl-ain)Jr(Zl-Xg)(Zl-aiZl),
Dyt = (X5 X3) <22 : i) —(Z,- X1) (X2 : i) +(Zy- X1) <22 : 8%2) .
(245)

By using these operators, we obtain the relation of F Xi&? AX, Xo, Y0 Zy)

and F0 \ (X, Xo, Yai Zo),

n 1(0,0;0 n,0;0
(Dll) Fgl—‘rn),AQ,A Fél,Az),A7 (246)

I
/\/lx/\/\
NI = NIV N~ N

n 1(0,0;0 0,n;0
(Dan)"FA %) a FOm) (247)

n (0,0;0 n,0;0
(Dyo)"F) A Y0, (248)

N N N N S
N

n 1(0,0;0 0,n;0
(DQI) F£1+n),A2,A = Fél,A2)7A. (249)

: 0,00) . 050 :
Since W(ATTO ) includes F x A;’ A(X1, X0, Y5 Z1), we can derive a formula

between W(A%O’O’O) and ngmo) from the relation of F Xi’&? AX7, X0, Y0 Zy)
and this formula agrees with (3.40) of [53]. Therefore, we conclude that the
amplitude of GWD with an external spin-n field (243) corresponds to CPW.

Let us consider the three point interaction to construct the amplitude

o4



(243). We can deform (243) as
WX?E)O’O’O) (X33 Z1; A)

_ /_°° N Um AN G2 (Vi(N), Xo; Ay)

[e.e] —00

) )

G (Yi(\), Xy; Zy; Ay A An Gu(Yi(N), Ya(N); A
x Ghy(Yi(A), X1; Z1; Aq) v gy w(Y1(A), Ya(N); A)
X Ghp(Ya(N), X33 Az) Gip(Ya(N), Xu; Ay), (250)

1 0 o)

ZL@(Y7 X; Z; A)Ar“An

= gwa T g GV G4 W A). (251)

From this expression, the three point interaction for the amplitude is identi-

fied as

) )
Sint = dY T An 252
t /AdS Ao (aYAl aYA"d)A) (252)
— / dY TRV " pa, (Va, -+ Va,0a), (253)
AdS

where we used the transverse condition (199) and the traceless condition of
T4 4n for the replacement of 8—3/; with V4.

6.5 Short summary

Summarizing the above, we have defined the amplitude of the scalar exchange
geodesic Witten diagram (GWD) with an external spinning field as (243).
We have verified that our construction of the amplitude of GWD satisfies
the formulas and the properties of the conformal partial wave (CPW) such
as (232), (241) and (246). We also have studied the appropriate three point
couplings in the AdS spacetime for the correspondence between GWD and
CPW such as (237) and (253). Thus, we have been able to show the cor-
respondence between the scalar exchange CPW and GWD with an external
spinning field. Construction of the amplitude of GWD is a systematic way to
find an expression of CPW as the solution of the conformal Casimir equation.
Therefore, our study will lead to make a discovery of a novel expression of
CPW with general external fields such as the stress tensors.
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7 Conclusion and discussion

In part 1, we have studied the three-scalar holographic superconductor model
(114) based on the three-band superconductor model which describes the
frustration in condensed matter physics. We have found that there are several
solutions whose free energy is the same in this holographic model if n = 0,
€12€a3€31 > 0 and (136) hold. The condition €j9€93e31 > 0 is important
for the frustration between the scalar fields. In addition, we have analyzed
the three-scalar holographic superconductor model with n > 0 and (146).
By computing the free energy, we have found that the solutions (155) and
(156) which correspond to the chiral ground states exist. These solutions
have nonzero chirality and their free energy is minimum. Our holographic
model will be a hint to study frustrated superconductors in condensed matter
physics.

Future direction of the study in part 1 is research of domain wall solutions
of the holographic model. The existence of the domain wall is discussed in
the three-band superconductor model in condensed matter physics [35] and a
holographic two-band superconductor model [66]. It is a interesting problem
whether there is the domain wall solutions which connect the chiral ground
states (155) and (156) because topological solitons such as the domain wall
are related to phase transitions in particle physics and condensed matter
physics. Application to the Fe-based superconductor is another future work.
For example, by deriving various classical solutions of the holographic model
and comparing their free energies, we may predict the phase structure of the
Fe-based superconductor. Also, finding their solution is interesting from the
viewpoint of classical gravity.

In part 2, we have explored the correspondence between the conformal
partial wave (CPW) and the geodesic Witten diagram (GWD) with an ex-
ternal spinning field. We have constructed the amplitude of GWD and found
the three point interactions in the AdS spacetime for the correspondence. We
have shown that the amplitude of GWD which we constructed satisfies the
properties of CPW. Our result is a first step for the generalization to GWD
with external fields in any representation.

Future direction of the study in part 2 is the generalization to combina-
tion of external fields such as symmetric tensor fields, antisymmetric tensor
fields and fermionic fields. Since the degrees of freedom of three point func-
tions in CFT is not generally one for the fields in any representation, the
tensor structure of CPW for general fields cannot be determined uniquely.
In order to clarify the correspondence for such CPW, it is important to ex-
amine the relation of the bases between the three point functions in CFT and
the three point interactions in the AdS spacetime [61]. In particular, CPW
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of the stress tensors can be used to study the gravity theories [67] because
the stress tensor in CF'T corresponds to the graviton in the gravity side. Ex-
pressions of CPW in terms of GWD is useful for such study since the three
point interactions in the AdS spacetime is used to construct the amplitude
manifestly. Moreover, it is also interesting to construct super CPW [68] from
GWD. For this construction, it is expected that an introduction of the AdS
superspace [69, 70] is necessary.

For a future work of the gauge/gravity correspondence, the author is
interested in the role of symmetry and consistency for the origin of the
gauge/gravity correspondence. Discovery of the gauge/gravity correspon-
dence is based on the superstring theory which is one candidate of consistent
quantum gravity. Moreover, recent progress of conformal bootstrap [71] im-
plies that the CF'T spectrum is strongly constrained by conformal symmetry
and consistency. Therefore, it is reasonable to imagine that symmetry and
consistency have an important role in the gauge/gravity correspondence. In
particular, we would like to know how much examples of the gauge/gravity
correspondence which can be determined by symmetry and consistency only
exist. Our study of the correspondence between GWD and CPW will be a
clue to solve this question.
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