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Abstract

We clarify the mechanism for negative differential conductivity in holographic
conductors. Negative differential conductivity is a phenomenon in which the
electric field decreases with the increase of the current. Although this phe-
nomenon is widely observed in strongly correlated insulators, its mechanism
is not completely understood so far. One reason of the difficulties is that the
system is far from equilibrium. We use the AdS/CFT correspondence to analyze
this non-equilibrium phenomenon. It has been known that some gravity model
(holographic conductor) reproduces negative differential conductivity. We study
the mechanism for negative differential conductivity in holographic conductors
by analyzing the lifetime of the bound states of the charge carriers. We find
that when the system shows negative differential conductivity, the lifetime of
the bound states grows as the electric field increases. This suggests that the
negative differential conductivity in this system is realized by the suppression of
the ionization of the bound states that supplies the free carriers.
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Chapter 1

Introduction

Negative differential conductivity (NDC) is a phenomenon where the electric
field acting on the system decreases as the current increases. Electric devices
which exhibit NDC play an important role in construction of switching circuits
and oscillator circuits from the viewpoint of electronics. NDC has been observed
in a wide range of strongly-correlated electron systems [1]. However, we still
lack a complete understanding of the mechanism for NDC on the basis of the
microscopic theoryﬂ A crucial reason for the difficulty is that we need to deal
with physics far from equilibrium.

A system is out of equilibrium in the presence of electric current along the
direction of the electric field, since the Joule heating breaks the detailed balance.
When the applied electric field is small, we can analyze the response of the system
perturbatively: the formalism is referred to as the linear response theory. For
example, the conductivity of a system in the Ohmic regime can be computed in
the framework of the linear response theory. However, computation of nonlinear
conductivity is beyond this method since the perturbative analysis is not valid.
Since NDC is a nonlinear phenomena, we need a method beyond the linear
response theory.

In this thesis, we consider non-equilibrium steady states (NESSs) with a steady
current with a constant electric field. We overcome the difficulties associated
with the non-equilibrium systems by using the AdS/CFT correspondence [2-4].
The AdS/CFT correspondence states that a strongly-coupled gauge theory is
equivalent to a higher-dimensional supergravity. The AdS/CFT correspondence
can be a powerful tool to study non-equilibrium systems, because it allows us to
circumvent the difficulties by mapping the quantum gauge theory to the classical
gravity theory. Since the AdS/CFT correspondence gives the expectation values
of physical quantities directly in the language of gravity, one can compute the
expectation values even out of equilibrium by using the AdS/CFT correspondence.
Recently, the AdS/CFT correspondence has been applied to analysis of NDC

IThe NDC of electric devices such as Esaki diode has been explained by the tunneling effect
at the p-n junction. However, the NDC we consider is a non-ballistic transport of charged
particles in bulk materials.
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[5H9]. In Refs. [5HI], the D3-D7 model [10, [11] is employed as a gravity dual of
a (3 + 1)-dimensional many-body system of charged particles interacting with
a thermal reservoirP] It has been found that this model exhibits NDC at low
temperatures. However, the mechanism for the NDC in this system has not been
understood.

It is known that the system has bound states consisting of a positively charged
particle and a negatively charged particle [12]. If we make an analogy with
QCD, the bound states correspond to mesons, or bound states of quark and
anti-quark. However, it would be more appropriate to make an analogy with
strongly-correlated electron systems when our aim is investigation of nonlinear
conductivity in materials. In this context, the bound state is regarded as
an exciton consisting of an electron and a hole. In this thesis, we study the
mechanism of the NDC by analyzing the lifetime of the bound states.|13]

We employ the D3-D7 model with vanishing charge density. The system
behaves as an insulator at sufficiently low temperatures. When we apply a large
enough electric field to the system, we can break the insulation. This is because
the positively-charged particles (which we call positive carriers for short) and
the negatively-charged particles (which we call negative carriers) will be created
by the Schwinger effectE|

However, the neutral bound states do not contribute to the DC charge
transport. This implies that the formation of the bound states suppresses the
conductivity. With this in mind, we study the relationship between the lifetime
of the bound states and the electric field, systematically. In our system, we have
three possible origins of the charge carriers which contribute to the conductivity:
thermal excitation from the vacuum, pair creation from the vacuum induced by
the external electric field, and ionization of the already-existing bound states by
the electric field. We will clarify which process is the main contribution to the
realization of the NDC.

In the context of the AdS/CFT correspondence, the bound state is realized
as modes referred to as quasi normal modes (QNMs) in the gravity theory. The
(quasi-)normal frequencies of these modes correspond to the location of the pole
of the retarded Green function. The pole of the Green function captures the
properties of the bound state. The lifetime of the bound state is read from this
(quasi-)normal frequency. We analyze the lowest QNM in the D3-D7 model
under the presence of a constant electric field. We investigate the lifetime of the
bound state as a function of the constant electric field in this model.

We find a counter-intuitive behavior of the bound states when the system
exhibits NDC: the lifetime of the bound states grows as the electric field increases.
We also find that the DC conductivity approaches zero when the lifetime of the
bound states vanishes when the system shows NDC. This means that the charge
carriers in the NDC region are mainly supplied by the decay process of the
bound states. This explains the mechanism of NDC well: the larger the electric
field, the longer the lifetime of the bound states, then the number density of

2The D3-D5 model for 2 + 1-dimensional systems is also considered in Ref. [7].
3This corresponds to the Landau-Zener effect in solid state physics.
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charge carriers decreases and the current density decreases.

We also provide other examples of the applications of the QNM analysis in the
D3-D7 model.|14] It has been known the D3-D7 model exhibits the spontaneous
breaking of the chiral symmetry under applying external magnetic field.|15 |16]
This is holographic realization of the magnetic catalysis in the context of QCD.
We investigate the dispersion relations of the Nambu-Goldstone modes appearing
with the chiral symmetry breaking in the dissipative system by employing the
D3-D7 model. The dispersion relation is also computed by the QNM analysis.
We find that the short-length behavior of the dispersion relations agree with the
results from the effective field theory.

The main results of this thesis are based on Ref. [13] and Ref. [14].



Chapter 2

AdS/CFT correspondence

In this chapter, we present the basics of the AdS/CFT correspondence brieﬂyE]

2.1 Basic idea of the AdS/CFT correspondence

The AdS/CFT correspondence relates a gauge theory with a gravity theory. In
short, the correspondence states that

Zgauged = ZAdeJrl, (21)

where Zgauge, is a partition function of a d-dimensional gauge theory and Zags,. ,
is a partition function of a (d+1)-dimensional gravity theory in an asymptotically
anti-de Sitter geometry. The most famous example is the correspondence between
4-dim. N' = 4 SU(N) super Yang-Mills theory and Type IIB supergravity theory
on AdS5 x S°. N is the number of the supersymmetry and N is the number
of color. Many other variations of the correspondence have also been proposed.
The idea of the AdS/CFT correspondence was partly motivated by the analogy
between the large-IN gauge theory and the weakly-coupled string theory. In
the large-IN gauge theory, the partition function can be written in terms of the
bubble diagrams, which is formally expressed as

In Zgauge = Y NXfa(N), (2.2)
h=0

where h is the genus of the bubble diagrams and y is the Euler characteristic
which is given by x = 2 —2h. fj is a function of the 't Hooft coupling A at given
h which is independent of N. Since the N-dependence is determined by ¥, the
leading contribution is given by the planer diagrams: fo(\). On the other hand,
the partition function of the superstring theory can be expressed by

In Zstring = Zg;)(fh(ls); (23)
h

IFor references, see |17, [18], for example.



CHAPTER 2. ADS/CFT CORRESPONDENCE 8

where g is the string coupling. fh is a contribution of the bubble diagrams
which is independent of g; but depends on the string length I, at given h. By
comparing these expressions, we may expect the following correspondence:

Zgauge = Zstring (24)

with
ls <> A (2.5)

1
gs X N?
The latter formula in means [, can be written as a function of A, wice
versa. The low-energy effective theory of the superstring theory is a 10-dim.
supergravity. This implies that the partition of a gauge theory may be given by a
partition function of a supergravity. This idea is made precise by the AdS/CFT
correspondence [2-4].

Practically, we replace Zstring With exp(—Sgrav) by saddle point approxima-
tion, since the exact partition function of the string theory is not known. In the
Euclidean formalism, the relationship is expressed by

<exp (/ ddxo¢(0)>> = exp (_ggrav) ’5’(2':0,1):@0)(1) . (26)

In this expression, ¢()(z) denotes the external source for the operator O. In
the right-hand side, Sgray is the on-shell action for the gravity theory with an
asymptotically AdS geometry. We denoted z as the AdS coordinate of the
geometry and z = 0 is the AdS boundary. ¢~>(z, x) is the field in the gravity
theory corresponding to O in the gauge theory. This relationship is referred to
as Gubser-Klebanov-Polyakov/Witten relation |3, |4].

We will consider Type IIB supergravity on AdSs x S® geometry in the right
hand side of . The gravity action is proportional to a prefactor 1/2x%,.
Making the prefactor dimensionless by using the length scale L of the geometry,

we obtain I8 ( NZ4)2
4mgs 9
= = N*. 2.7
2 gl 27

The relationship between L and g,NI? will be given in (2.18). Therefore, the
saddle point approximation is valid for large N.

2.2 D-branes

A D-brane|19] is a solitonic object in the string theory. It is understood as a
hyper-surface where endpoints of open strings can be attached. D-branes play
crucial roles in the string theory as well as in the AdS/CFT correspondence. In
this section, we briefly review the properties of a D-brane.
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2.2.1 Effective action

In the string theory, the action for a fundamental string is given by the following
Nambu-Goto action:

1

2mwa!

Sng = — /dQJ\/—(X)2(X’)2 (XX, (2.8)
where o/ = (7,0) are the worldsheet coordinates. X and X’ denote 8, X (7, o)
and 9, X (1, 0), respectively. 1/(2ma’) gives the string tension and it is related to
the string scale [, by o/ = [2. In analogy with a fundamental string, the bosonic
part of the action for a Dp-brane is given by the following Dirac-Born-Infeld
action.

Sbp = — Tp / dPTiee™?/— det(gap + Bap + (2ma/) Fup)

q

where 7, is the tension of the Dp-brane and p,, is the R-R charge of the Dp-brane.
These are determined as

(2.9)

T = (gﬂ)—pa/—(pﬂ)/z’ iy = ;ip. (2.10)
S

&% are (p + 1)-dimensional worldvolume coordinates. g, is the induced metric
of the spacetime metric. It is related to the 10-dimensional spacetime metric

gmn by 9xM ox

Gab = 735(1 TgbgMN’ (2.11)
where XM are 10-dimensional spacetime coordinates. By is the induced Kalb-
Ramond field which is given by Bu, = Byn0, XM 0, X", where By is the
Kalb-Ramond field lying on the 10-dimensional spacetime. Fy, = 0,Ap — Op A4
is the field strength of the gauge field A, on the Dp-brane. The second term in
is called Wess-Zumino term. The summation picks only the appropriate
volume-forms in the series expansion of the exponential term. The Wess-Zumino
term gives the coupling term between the Dp-brane and the R-R (p + 1)-form.
This reflects that a Dp-brane is a (p + 1)-dimensional R-R charged object.

2.2.2 D-branes in supergravity

The low-energy effective theory of the superstring theory is given by the super-
gravity. Here, we consider the low-energy effective theories of two string theories
called Type IIA superstring theory and Type IIB superstring theory. They are
referred to as Type ITA supergravity and Type IIB supergravity, respectively.
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The bosonic part of the action of Type IIA supergravity is given by

Hoar |2
Stua = 12 /leX [\/Tge% (R+ 4(89)* — 1Hg) )

2K70 2 3!
L|Fg)* | 1]Fg) 1
R (2.12)
where F(4) C(l A Fg), F(p+1) = dC(p) and H(g) = dB(2 C(p) are R-R

p-form fields and B(y) is Kalb-Ramond 2-form field. The bosonic part of the
action of Type IIB supergravity is given by

2
Sup = {\/jge_% (R + 4(8¢)2 ) |H§;)| )

1 1|Es 2 1]Fs?
—V=g <2|F(1)2+| ol | 115 )} (2.13)

N =

2 3 "4 5l
1
—3 [ CayNHe M),

where F(g) = F(Lg) - C( DEA H(j) and F(5) = F(5 0(2 A H(S) + B( 2) N\ F( 3)-
In addition, the self-dual constraint is imposed for the Type 1IB supergravity:

*F(5) = F(5) (214)

k1o is related to the 10-dimensional Newton constant G19 by k19 = v81G1g-
K10 = gs_llilo is the 10-dimensional gravitational. These constants are given by

262, = 2/3,97 = (2m) 7" g2, (2.15)

In Type IIB supergravity and Type IIA supergravity, there are solutions
corresponding to Dp-branes. The solutions are called black p-brane solutions.
These solutions have an isometry of ISO(1,p) x SO(p — 1) and are explicitly
given by

ds? =H,(r) Y2, dz"de” + Hy(r)" ?dw'duw’, (2.16a)
¢’ =gH, (r)(?’ A (2.16b)
Cipt1) = ( Hy(r)™' —1) 1) dz® Adat A - A da?, (2.16¢)
B =0, (2.16d)

where Hy(r) =1+ (L,/r)"? and r? =), wi’. z# are the (p + 1)-dimensional
Dp-brane’s worldvolume coordinates. w” are the (9 — p) transverse directions.
For Type ITA supergracity, p is even, whereas p is odd for Type IIB supergravity.
The black p-brane geometries are asymptotically flat.

Let us consider a solution that corresponds to N coincident D3-branes. The
number of the D3-branes can be calculated by integrating the R-R flux on a
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surface surrounding the D3-brane. This is expressed as

1
Npys = 7/ *F5). (2.17)
261y Jss ©

For D3-branes, the 5-form flux is given by xF5) = 4L*(€(S?) + €(S”)) where

€(S%) is the volume form of the 5-sphere. By using Vol(S®) = 7%, we obtain
L4
mgs N = —5. (2.18)

2.2.3 AdS/CFT correspondence from D3-brane

The D3-brane is a (3 + 1)-dimensional object whose worldvolume theory is a
(3+1)-dim. Yang-Mills theory in the low-energy limit. We set By, = C(,) = 0 for
simplicity. The fluctuations of the D3-brane in the 6 transverse directions are
realized as 6 scalar fields in the worldvolume theory. We consider flat spacetime
with constant dilaton e® = g,. In a static gauge &* = (t,x,y, z), the induced
metric is written as

G = v + 0, X0, X701, (2.19)

where u,v = 0,1,2,3 are indices for the worldvolume directions and I,J =
4,5,6,7,8,9 denotes indices for the transverse directions. By setting ®! =
XT/(2ra’), the DBI action of D3-brane is written as

Sps = _;i / dm4\/ — det (1, + (270! F,y + (270/)20,810,87).  (2.20)

We take summation over I from 4 to 9. If we expand the expression in o/, we
have
2 N2 2 \2
Sps = -2 [ qt {( FZ‘ ) Fo FH %aﬁbqﬂauqﬂ n O(a’4>} (2.21)

S

We omitted the constant term. This is equal to the bosonic part of the action
for N' = 4 supersymmetric U(1) Yang-Mills theory. So far, we have discussed
for the case of a single D3-brane. In the case of N coincident D3-branes, the
scalars and gauge fields are generalized to the adjoint representation of U(N)
gauge theory with: ®/ = ®/oT, A, = AjT,, where Ty, is the generator of the
U(N) group. Moreover, we must replace the partial derivative to the covariant
derivative and add some potential term. At the leading order in ', the DBI
action for N conincident D3-branes gives

. 2 N2
Snxps = — 2 /d4x Tr [(”TO‘)FWFW

(2.22)

20/2
, (2ma)

5 Dud'Dra! — iz @7, ®J]2}7

1,J
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where the covariant derivative is given by D, ®! = 9, 8!+ [AH, ! } , and the field
strength is given by F,, = 0,4, — 0, A, +i[A,, A,]. This action corresponds
to the bosonic part of the action of the ' = 4 supersymmetric U(XN) Yang-Mills
(SYM) theory. By comparing to the action of the conventional pure Yang-Mills
theory

1
Svya = — / d*z ra Tr F,, F*, (2.23)

we find the Yang-Mills coupling as

9s

2
=—2 _ —97¢,. 2.24
9ym 7'3(27TC¥/)2 g ( )

As discussed above, the worldvolume theory of the D3-brane describes (3+1)-
dimensional N' = 4 SYM theory in the low-energy limit. On the other hand, the
D3-brane is also expressed as the black 3-brane solution in the supergravity
theory. The black 3-brane geometry is given by

2 A v I 2 2102
ds® = 1—|—r—4 Nudatda” + 1+T—4 (dr® +r2dQ2), (2.25)

where dQ2 is the line element of the unit 5-sphere.

The physical modes on the black 3-brane geometry may contain the physical
degrees of freedom of the D3-brane, but they contain the physical degrees of
freedom of the peripheral supergravity, as well. Therefore, let us take a limit to
extract the information of the physics of the worldvolume theory of D3-brane.
In order to focus on the degrees of freedom of the YM theory on the D3-brane,
we take a limit 7 < L. Then the black-3 brane geometry reduces to AdS5 x S°:

7“2

2
ds* = T3 N datda” + %er + L2d02. (2.26)
This limit is called as near horizon limit or throat limit. The geometry has the
isometry of SO(2,4)ads, X SO(6)gs. This corresponds to the symmetry of V' = 4
SU(N) SYM theory: SO(2,4)cpr x SO(6)g. It is known that the degrees of
freedom of the U(1) part of U(N) = U(1) x SU(N) are decoupledﬂ The near
horizon limit extracts the degrees of freedom of the A =4 SU(N) SYM theory
from the supergravity theory on the black 3-brane geometry.

We regard the number of the D3-brane as the number of the color N in the
SYM theory. We obtain

A L*
N1
from (2.24) and (2.18). This agrees with the naive expectation (2.5)).

The AdS/CFT correspondence can be generalized to finite temperature cases.
This is achieved by replacing the geometry to a black hole geometry. Then, the

2mgs = =2, (2.27)

2In Ref. [20], this is discussed that such a degree of freedom can only enter the AdS/CFT
correspondence as a singleton field supported at the AdS boundary.
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Hawking temperature is regarded as the temperature of the dual field theory.
The black hole geometry called near extremal black p-brane is given by
2 -3 =2 1 dr? 2102
ds® = Hp 2 (—f(r)dt + dZ}) + Hj o) +r2dQg_, |, (2.28)
where f(r)=1-— Tzfp/r7*p.|21| 7y, is the location of the black hole horizon. Let
us take p = 3 to consider the D3-brane case. In the near horizon limit, r < L,
the geometry reduces to the Schwarzschild AdSs x S° geometry:

2 . d 2
_ % (—f(r)dt + dz?) + L rz;(r)

The location of the black hole horizon is related to the Hawking temperature by
rp, = L27T. The symmetry of the geometry is reduced from ISO(1,4) x SO(6)
to SO(3) x SO(6).

ds? + L2d0Z. (2.29)

2.3 Wilson loop

In the gauge theory, the Wilson loop is a observable from which one can read
the potential energy between quark and anti-quark. The expectation value of
the Wilson loop can be also computed from the AdS/CFT corresponding.[22|E|
Our goal of this thesis is analyzing the lifetime of a bound state consisting of
the charged particle and anti-particle. It is worth studying the potential energy
in the framework of the gravity model with AdS; geometry.

The Wilson loop is given by

W(C) = Pexp (z fc Audx”>, (2.30)

where P denotes the path-order operation. The Wilson loop depends on a
contour C. The expectation value of the Wilson line is related to the partition
function Zs of the gauge theory with a test particle:

W(C)) = / D exp {isgauge +i ?{ A#dx“] _ % (2.31)
c
where Zj is vacuum partition function of the gauge theory. We choose C as
rectangle path which has a time interval At and a separation Az. (See Fig.[2.1])
In a limit of At — oo, the contribution of the Wilson loop is equivalent to the
one where the particle and the anti-particle reside separated by Az at rest. Then,
the partition function is written as

Zs(Ax) x exp(—iAtV (Ax)), (2.32)

where V(Az) is the potential energy between the charged particle and the
anti-particle at rest.

3For reviews see [17].
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Ax

"""""""""""""""""""""" At

1
r T

Figure 2.1: Schematic picture of the Wilson loop in the AdS/CFT correspon-
dence. The rectangle shows the contour we consider here in the field theory. The
dashed line shows the embedding configuration of the test string in a some time
slice.

In the AdS/CFT correspondence, a probe string play a role of the test
particle. Two endpoints of the probe string at the AdS boundary correspond to
the charged particle and the anti-particle. The Wilson loop can be evaluated
from the on-shell value of the probe string. We consider the AdS; geometry
. In this computation, the 5-sphere part does not contribute. The action of
the probe string is given by the Nambu-Goto action . We choose the static
gauge for the worldsheet coordinates: 7 =t and o = r. Assuming & = (x(r),0,0),
the action is written as

1 r4
= —_— — 2
SN = /dtdm/l—k 72% (r)2. (2.33)

The constant of motion for z(r) is given by

7‘4
LR A G (2.34)
2 ’ :
L 1+ 2ol (1)2

where r = rg is a turning point which satisfies 2’(ro) = co. By solving (2.34) for
2’(r) and integrating it, we obtain the solution as

LA dr
x(r) :/T 7“7477'4/7“3 — (2.35)

0

At the boundary, z(c0) is regarded as Az/2 where Az is a separation of each
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endpoint of the probe string. This is related to rg by
Ax  L? [ dp V2m3/? 12

== = . 2.36
2 ro Ji p2/pt—1  T(1/4)% 1o (2:36)
The potential energy is given by the following expression.
V(Az) = E — Ey, (2.37)
where
2 < pidp
E=-2L=— _— 2.38
oo | s (2.384)
2 oo
Ey=—-2Ly=— dp. 2.38b
0 0= 5 o 7“0/0 P ( )

The energy F is related to the on-shell Lagrangian L from the discussion above.
The factor of 2 appears because the solution represents half of the test string.
Notice that, this quantity is not finite since the test string has infinite mass. So
we subtracted the contribution of the infinite mass, Fy, where Ly is an on-shell
Lagrangian with a straight string hanging from » = oo to r = 0. Then, the
potential energy is written as

)= 472 V/2)
- T(1/4)4 Az
This is a Coulomb type potential energy. This result is consistent with the ' = 4
SYM theory which has no scale.
We can also compute the potential energy at finite temperatures. 23] We

consider the background spacetime as the Schwarzschild AdSs geometry (2.29)).
Then, the action is written as

V(Az (2.39)

Sng = — /dtdr\/l+x’(r)2f(r);. (2.40)

2o

The solution of the embedding function is given by

_ e rif(ro) )
x(r) = /TO r? \/f(r)(r4f(7“) - réf(ro))d ' (2.41)

The separation is given by

Az = 2z(c0) =2 L /0O 12\/ o] (po) dp, (2.42)

7T J,, 02\ F(p)(p*F(p) — p&f(po))

where pg = ro/rp. By substituting the solution into the action, the potential

energy is given by
= p*f(p)
/Po <\/P4f(p) —4f(po) 1) dp = (po = 1)] . (243)

T
L2

V(Az) = V2\
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where py is related to Az by (2.42). For large Az, the test string hanging from
the boundary can split into two strings which has one of the endpoints at the
black hole horizon. In this case, the potential energy is given by V(Az) = 0.

02

00 _—

-02

-0.4

V(Az)/VA

-0.6

-0.8

L L L L
00 02 0.8 1.0

Az

Figure 2.2: Potential energy as a function of the separation at T'= 1/7. The
red line corresponds to the solution of the string without touching to the black
hole horizon. The blue line corresponds to the individual two strings. The dotted
line denotes a crossing point at Az = 0.75407. The branch of the lower red line
is thermodynamically stable for Az < 0.75407, otherwise the blue line is stable.

Fig. shows the numerical result of V (Az) verses Az at a finite temperature.
Here, we set T'= 1/m. The red line corresponds to the solution that the string
does not reach the black hole horizon that gives the potential energy . The
blue line corresponds to the solution given by two individual strings. At finite
temperatures, V(Az) is a multivalued function of Az. The lower branches are
always stable from the thermodynamic analysis. There is a crossing point of the
red line and the blue line at Az = 0.75407. The phase transition occurs at this
point. The crossing point corresponds to the Debye length of the system at the
finite temperature.



Chapter 3

D3-D7 model

As we have seen in the previous chapter, we can find the correspondence between
gravity theory with AdSs; geometry and d = 4 SYM theory, by considering
D3-branes. D3-branes only represent, however, pure SYM theory without matter
fields. In order to consider the degrees of freedom of matter fields such as quarks,
one can use a method known as Karch-Katz model [10]. In this model, additional
branes represent the degrees of freedom of the matter fields. Particularly, the
model with a combination of D3-branes and D7-branes which is called D3-D7
model, represents the N' = 4 SYM theory and the A/ = 2 hypermultiplet in
the d = 3 4+ 1 dimensional spacetime. In this section, we briefly review the
D3-D7 model. The D3-D7 model also represents electric conductor, called as
a holographic conductor model. In this model, the system exhibits a negative
differential conductivity for small range of the parameters. Our goal of this
thesis is clarifying the mechanism of this negative differential conductivity.
D-branes is a hyper-surface on which the endpoints of the open strings can be
attached. A Dp-brane enforces Neumann conditions along its (p+1) worldvolume
directions, otherwise Dirichlet conditions for the open strings. A combination of
Dp-branes and Dg-branes provides mixed boundary condition for strings. The
D-branes configuration of the D3-D7 model is shown in Table The D3-D7
model provides 4 Neumann-Dirichlet directions. The D3-brane’s worldvolume
coordinates correspond to the 4-dim. Minkowski coordinates of the dual field
theory. The D7-brane’s worldvolume also shares this 4-dim. coordinates. Since
the D7 brane has two transverse directions, there are two scalar fields on the
D7-brane. The rotational symmetry in the compact direction corresponds to
the internal symmetry called R-symmetry in the dual field theory. Particularly,

T
ND3 |V v v V
NyD7T |V v Vv Vv Vv Vv v Y

Table 3.1: Configuration of the D3-D7 model.

17
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the rotational symmetry in the transverse w®-w plane is regarded as the U(1)g

chiral symmetry. The combination of w® +4w® corresponds to the complex scalar
field in the dual field theory.

In the gravity side, the scalar fields represent the location of the D7 brane in
the 10-dimensional spacetime. This is often called the embedding. The embedding
function is determined by solving the equation of motion for the scalar fields.
The number of the D7-branes gives the number of flaver Ny of the matter fields.
However, we set Ny = 1 in the following part of the thesis.

3.1 Zero temperature

Let us consider the D3-D7 model with massive quarks at zero temperature. We
write the background metric of AdSs x S® spacetime (2.26) as

’LU2 5 L2
ds® = T3 wdaida’ + = (dp* + p*dQ3 + dw? + dwg, ) (3.1)

where w? = p? + w2 + w?. In a probe limit, we consider the dynamics of the
D7-brane in this curved spacetime. The action for the D7-brane is given by
the DBI action . There are two scalar fields and one vector field living on
the D7-brane’s worldvolume. For simplicity, we set the vector fields to zero.
The two scalar fields arising from the two direction which is perpendicular to
the D7-brane’s worldvolume represent the embedding function of the D7-brane
in the 10-dimensional spacetime. We set the worldvolume coordinates of the
D7-brane to £* = (z*, p,Qs3) called static gauge. The two scalar fields are ws
and wg. Assuming ws = ws(p) and wg = 0, the action is written as

T7 3 / 4 3/ /
Spr = ——Vol(S d*zd 1+w , 3.2
D7 75 (S°) pp 5(p) (3.2)

where wi(p) = 0,ws(p). The equation of motion for ws(p) is given by

3

ST ,
= am] (33

9
dp

Obviously, ws = [, with a constant [, is a solution of the embedding function.
This result is consistent with the fact there is no interaction between D-branes
preserving the supersymmetry. The energy of 3-7 string corresponds to the mass
of the quark m,. Taking account of the string tension, we obtain the precise
relationship:

l
my = 27:0/. (3.4)

3.1.1 “Meson” spectrum

At zero temperature and without external fields, the solution of the embedding
function is simply given by ws = [,. In this case, the analytic solutions of the
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perturbation fields and the expression of the mass spectrum of the meson-like
bound states have been obtained in Ref. [24]. We reparameterize the perturbation
fields as

ws = lg + 21, we =0+ 2ma’x. (3.5)
The relevant part of the Lagrangian density is written as
2 \2 L2
L~ —;—7\/ —dethgp |1+ ( 7r2a ) Eth (0eXOax + 0cpdap) | , (3.6)

where hgp denotes the induced metric without the perturbation fields and hab is
its inverse matrix. Now, the induced metric is written as
2 2

L
hapd€odel = %nﬂudx“dx” + s (dp? + p?a03), (3.7)

where w? can be written as p? + lg. The equations of motions for y and ¢ are

given by the same equation. We write it

1 a pS 7 a
0=20, E\/fdet haph babcb] =0, Lﬂ\/det hi;h babcb] : (3.8)

where h;; is defined by h;;dé?de? = dQ3 for i,j = 1,2,3. ® denotes x or ¢. The
equation is expanded as

1

, L4 J

where O = n#¥0,,0,, and

. 1 ~ o~
VlVZ- = fal det hl-jh”(?j (3]_0)

which is the Laplace-Beltrami operator on S3. We employ the ansatz:
® = (p)e™V'(S), (3.11)

where Y!(S?) is the spherical harmonic function on S* which gives VIV;)!(S3) =
—1(14+2)Y(S3). After some transformations of variables, we obtain the expression
as

0=y(1—y)d;P(y) +[c— (a+b+1)y]0, P (y) — abP(y), (3.12)

with a = —a, b= —a+ 1+ 1 and ¢ = + 2. The relationships between new and
old variables are

p=0(1+0")"P, —o*=y,

20 = -1+ V1+ M2, o=p/l,, M?=—k2L*/I2 (3.13)
a=—-1+V1+M? o=p/l, = /lg-

Under the regularity conditions, the solution is given by a hypergeometric
function:
P(y) = 2F1(a, b;cy). (3.14)
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So we write
d(p) = p'(p* + L*) "2 Fi(—a, —a+ 1+ 1;1 + 2, —p /L?). (3.15)

In the framework of the AdS/CFT correspondence, the normalizable mode
corresponds to a dynamical mode of the field theory. From asymptotic behavior
of this function in the vicinity of p = oo, the solution that represents the

normalizable modes is given by
ol

o(p) = Wzﬂ(*(” H141), =l +2—p? /L), (3.16)
q

where n = —a+1+1 is restricted for n = 0,1,2- - .. Therefore the mass spectrum
M = +/—k? is given by

(n+l+D(n+1+2)
QQ%MNC

M(n,l)—Q—lq (n+l—|—1)(n+l+2):27rmq\/ . (3.17)

=73

Here we use 2gynz Ne = L*/o/ 2. The mass of the lightest bound state is given
by
2rmg  2mmy

VQ%MNC a ﬁ .

This expression is also valid for the vector bound state corresponding to A, ()
on the brane.

M(0,0) = 2\/5% = (3.18)

3.2 Finite temperatures

At finite temperatures, we consider Schwarzschild-AdSs x S® geometry (2.29) as
the background spacetime. We consider the following coordinate transformation:

1
b= —\[r2+\/r* =1} 3.19
W o 2+ /rt =1, (3.19)

In this coordinate, the metric is written as

~\ 2 2( _ .2
ds3y = % (thw) {—J;.((g))dt? + f(w)da‘c’z] += [dw?® +w?dQZ],  (3.20)

where f(w) =1 — @ * and f() = 1+ w*. Now, @ gives the radius of the
5-sphere. L is the AdS radius. This is a finite temperature version of . In the
vicinity of the AdS boundary @ = +o00, the geometry reduces to AdSs x S°. The
black hole horizon is located at w = 1. 7}, is related to the Hawking temperature
by T = r,/(wL?). dQs is the line element of a unit 5-sphere which can be
decomposed as

dQ2 = d6? + sin® 0dQ3 + cos? Ody)?, (3.21)
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0 <7/2 and 0 < 9 < 27 are the S? coordinates. In the static gauge
W, Q3), the induced metric is written as

1\ [ f2(w) .
w3 () [ )

+<L2 +71Li /(( )) )d P+ L1 —x*)d0z,

where x(w) = cosf(w) and we set 1 = 0 by virtue of the symmetry. x'(w0)
denotes Jgzx. The embedding function is obtained by solving the equation of
motion for x(w). There are no analytic solution known except for a trivial
embedding: x(w) = 0. The trivial embedding corresponds to the system with
vanishing quark mass and preserving the chiral symmetry.

~_

i) Minkowski embedding i) critical embedding iii) black hole embedding

Where 0<
t, T,

é‘ll

(3.22)

Figure 3.1: Sketch of the three types of the embedding in the D3-D7 model at
finite temperature.

In |25], it has been found that the embeddings of the probe brane are classified
into three types. Fig.[3.1] shows the typical shapes of the three types of the
embedding. When the probe brane does not touch the black hole horizon,
the configuration is classified as a i) Minkowski embedding. Otherwise, the
configuration is classified as a iii) black hole embedding when the probe brane
touches the black hole horizon. Exceptionally, if the probe brane touches a
point on the black hole horizon, the configuration is classified as a ii) critical
embedding. However, we do not consider this case because the critical embedding
is only observed under an extreme situation of the probe brane.

3.2.1 Quasi-normal modes

We briefly review the mass spectrum of the charged vector particle at finite tem-
peraturesE] We consider the background configuration as x(w) = 0 corresponding
to the massless case. This is classified as the black hole embedding. In this
configuration, the complex mass spectrum can be calculated as a quasinormal
mode (QNM) spectrum in the gravity side. The relevant term of the DBI action

is given by
(27Tl%)2 8 cdpef
S ~ 7TNJ£ d 5 — det habh h chFde (323)

1See 26| for more detailed discussions. The mass spectrum of the scalar field has been
studied in Ref. [27].
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The equation of motion is given by the Maxwell equation on the curved spacetime:

0=y [\/MhGCchhdb] . (3.24)

We employ the ansatz as

Au =Y V(A @), (3.25)

1
for p=1t,z,y,z. For B = wAé, the equation of motion is written as
A4 F (20 1—y2 ~2 7 (071)2 ~2~31_22
P | TGP, (PR ]
Ir f? Wi (1= x?) TV =2+ 02X (0)?

N2 2T ()2 T
- gz(j—wx)s)(zw) [8(1152;2 )fw2 —1(l+2)

By (w) +

+ El(’l])) =0,

(3.26)
where w = w/(27T). In the massless case, x is set to zero. Making change of
variables # = 1 — 2%/ f(@) = 1 — 2w? /(1 + @*), the equation is written as

f/J@ @)+ {(1 YT x)Qf} Bl =0 30

By performing Frobenius expansion at £ = 0, we have two distinct solutions:

w? I(1—-2)

E(z) +

Ey(z) = 2™ E ) (2) + 2™2EM (1), (3.28)

where El(i)(i) are the regular function at & = 0. It is known that the ingoing-
wave solution where the perturbation falls into the horizon gives physical results.

In this case the solution expressed by the first term corresponds to the ingoing-

)

wave solution, so we set El(jL = 0. We choose the ingoing-wave solution which is

given by '
Ey(z) = z7™/2(2 — 2)""/2F(z), (3.29)
where the regular function F' is written as
_ _ G+t I 149w [ (149w . z
Fz)=(1- ARl1l+-—-—r—ite  —— — —— ]l — i, ———— | .
@) ={-a) = 21<+2 2 2 o om0
(3.30)

The AdS boundary is located at £ = 1. The normalizable condition requests
F(1) = 0. The leading term of F' in the vicinity of Z = 1 is given by

T'(a — b)T(c)

o) = 2 (1 =2 5 o T a)

(3.31)

where a« = —(1+4)w/2,a=1+41/2, b= —1/2 and ¢ = 1 — iw. The only way to
make this term vanishing is to make the gamma functions in the denominator
diverge. Gamma functions have poles at zero and negative integer values,



CHAPTER 3. D3-D7 MODEL 23

therefore the normalizable condition is satisfied by c—a —a = —n, b+ a = —n,
forn=0,1,2,3,---. This condition gives the complex mass spectrum which is
written as
l .
w=+ n+1+§ (1+4). (3.32)

This corresponds to the location of the poles of the two-point function of the dual
operator in the boundary theory. Writing w = & —iI'/2, £ and T" are understood
as the energy (or mass) and the decay width of the quasi-particle, respectively.
Notice that you can apply quasi-particle picture only when I' < £. In the present
result, we should call it as resonance states rather than quasi-particle since I is
equal to & for all n and [.

3.3 Holographic conductor

One finds that the system in the D3-D7 model has a finite electric conductiv-
ity.|11] In general, a model of AdS/CFT correspondence which shows electric
conductivity is called as a holographic conductor. Since the normalizable mode of
the U(1) gauge field A,, on the D7-brane corresponds to the expectation value of
the U(1)y current operator in the dual field theory, we can compute the electric
conductivity of the D3-D7 model. This system also shows a negative differential
conductivity (NDC) [5], which has been widely observed in strongly correlated
electron systems. In this section, We briefly review how the NDC is realized in
the D3-D7 model.

In this model, the system is an insulator at low temperature, whereas we
have finite conductivity at high temperatures. The heat bath is realized as the
5-dimensional asymptotically AdS-Schwarzschild black hole geometry times S°
given at . By transforming the coordinate: @ = z,/z with r, = V/2/zp,
we write the spacetime metric as [

1 f(2)? - ~ dz?
2 xMqxN 2 2 2
where ~
flz)=1—=2%z f(z2) =1+ 2%z} (3.34)

We have set the AdS radius L to 1. z = z;, is the location of the black hole
horizon. The Hawking temperature is given by T = ;f dQs denotes the line
element of the unit 5-sphere.

The system of charged particles is given as an D7-brane whose action is

(2.9}

XM ox N

7 8
Spr=—— [ d —det(gap + Fap);  Gab = G .
D7 : 3 et(gab b)y  Gab = gMN dEe DEd (3.35)

2We write M, N as indices of the spacetime coordinates X~ which run from 0 to 9.
3We set (2ma’) = 1. a,b are indices of the worldvolume coordinates of the D7-brane £
which run from 0 to 7.
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where 77 is the tension of the D7-brane, £* are the worldvolume coordinates, gqp
is the induced metric and F, = 0, Ap — Op A, is the field strength. In the D3-D7
model, the D7-brane is wrapped on the S part of the S®. The metric of S® part
can be written as (3.21). We employ a static gauge £ = (¢, %, z, Q23), then 0(&)
and ¥ (&) are dynamical fields. We assume that 6(£) depends only on z, and (&)
is set to zero by virtue of the symmetry. The induced metric is written as

2
Gapd€edeb = iz [— f~(z) dt? + f(z)da‘;’Q] + (12 + 9’(2)2> dz? 4 cos? 0d03.
=1 f(z) z
(3.36)

From this metric, cos @ is read as the radius of the S* wrapped by the D7-brane.

We apply an electric field in the z!' direction. The z'-component of the
vector field is A (t,z) = —Et + a1(z) with an appropriate choice of the gauge.
The action can be written as

Spr = —N/d4xdz c0s® 09, \/\gtt|gmgzz - (gzzA% - |gtt|A/12)7 (3.37)

where N = ;—7\/01(83). The volume of the unit 3-sphere Vol(S?) is given by 272.
The equation of motion gives the constant of motion J for Aj:

J = N (2)|g1t] gz cos® 0 |
\/|gtt|gngzz - (gzzE2 — |gtt|a/1 (2)2)

We find from (3.38) that
/ J [9z- |h(2)
= — — 3.39
a‘l(z) N ‘gtt| k(Z)’ ( )

where h and k are defined by

(3.38)

h(z) =|get|gax — E?, (3.40a)
k(2) =lgul95, c0s° 0 = goa T /N, (3.40b)

In the vicinity of z = 0, these functions are positive. On the other hand, the
functions can be negative near the horizon for arbitrary E and J. From the
reality condition for a;, there must be a turning point, say z = z., which satisfies

h(z) = k(z:) = 0. (3.41)

By definition, the position of z, is written as

Zx / E? E

zx can be also understood as a horizon of an analog black hole for the perturbation
of the field on the D7-brane. We call z = z, as effective horizon in this thesis.
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Note that z, = z, when E = 0, and the effective horizon is equivalent to the
black hole horizon at thermal equilibrium. However, they differ from each other
when J - E #0.

The value of J can be written in terms of z, from (3.41).

J =N |gtt|1/29m cos® 0

Z=2x

B \2 (3.43)
=N7T{|1+ <> cos® 0(z.)E.

w22

This gives the expectation value of the current density in the z! direction. Then,
the DC conductivity opc = J/FE is written by

] E N\
opC :Nﬂ'T ].+ (W) COS G(Z*), (344)

which shows a nonlinear conductivity |11]. The field 6(z) is related to the mass
of the charged particles. To obtain the conductivity for a specific mass, we have
to solve 6(z) so that the mass of the charge carriers fixed at a designed value.

We derive the equation of motion for the scalar field 6(z). Let us consider a
Legendre transform of DBI action called Routhian:

~ 0Sp7
—Spr — [ dzF, 2207
S =5pr /dZ SE,
= N/d437dz |ggT; V(19021920 — E) (1904193, o8 0(2) = guw T2 /N2).
tt|Yxx
(3.45)
We obtain the equation of motion from Eq. (3.45) as:
0 h(z)k(z) . 5 h(z)
— | 0'(2)/ ——% | —3sinfcos’ 5.9 —— =0, 3.46
0z ( ( |9t 92292 191119229 k(z) (3.46)

where h(z) and k(z) are defined by (3.40). The boundary condition for the scaler
field at z = z, is given by taking the limit z — z, of Eq. (3.46)). The condition is

written as
b— Vb2 2
0 (2) = 7+C, (3.47)
Z4C
where

b=328 + 2202 +328, c=3(21 — 20) (22 + 2}) tan 0(z.).

For E =0, (3.47)) simply gives 0'(z. = z5) = 0. (3.47) means that 6’(z,) is given
in terms of #(z,), hence we obtain a unique solution once we determine the value
of 0(z).
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0(z) in the vicinity of z = 0 is given by

0(z) = mgz + (% + n?) 2B (3.48)

where m, is the mass of the charge carrie and <z/;w> is the chiral condensate.
Therefore m, is determined if we assign the value of 6(z.). We keep m, fixed
at a designed value by choosing the value of 6(z.) appropriately at each given
value of E.

In the discussion above, we considered the configuration and the boundary
condition for the D7-brane that goes into the (effective) horizon. Such a configu-
ration is called as “black hole embedding” illustrated as iii) of Fig.[3.1] On the
other hand, we can also consider the case of the D7-brane that does not touch
the (effective) horizon. This configuration is called as “Minkowski embedding”
illustrated as i) of Fig. In this configuration, the radius of the S? part of the
D7-brane vanishes at 0 < z < z;, and the D7-brane does not touch the horizon.
In this configuration, J is zero even in the presence of the electric field and the
system is in equilibrium. For the embedding function 6, the boundary condition
for the Minkowski embedding is given by

0(z0) = g, 0’ (29) = o0, (3.49)

for arbitrary zp in 0 < zg < z,. We impose the second condition to avoid the
conical singularity on the D7-brane’s worldvolume.

3.3.1 Scaling symmetry

The D3-D7 model has a scalling symmetry. Let us consider the following
transformations of the 4-dimensional Minkowski coordinates:

xt — az?, (3.50)

where a is a scaling constant. The metric is unchanged under this trans-
formation if we apply a transformation w — a~'w, simultaneously. For finite
temperatures, the metric is unchanged under this transformation with
z — az and zp — azp. The quantities in the field theory also have similar scaling
symmetry in this model. A quantity ) which is transformed as Q — o™ "Q
under has the conformal dimension of n. For example, we find

mg = a 'mg, (P) = a P (YY), Fu —a ?F, (JM) —a ? (J*). (3.51)

Then, we can always set one of these quantities to 1 by using the symmetry.

4The mass corresponds to the band gap in the condensed matter physics.
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3.3.2 Negative differential conductivity

Let us analyze the J-FE characteristic. For this purpose, we compute the embed-
ding function 6(z) from (3.46). In general, can only be solved numerically
because the equation is a nonlinear ODE. In the numerical computation, we
must introduce a small cutoff at the regular singular points, z = 0 and z,, to
avoid numerical instabilities. We set the cutoff as e;g = eyv = 0.00001 X z,
for each configuration, where ejg and eyy are the cutoff at z = z, and that at
z = 0, respectively. The integral region becomes z = eyy to z = z, — eg. For
simplicity, we set A' = 1.

20
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Figure 3.2: The embedding functions for various my, when E = 0 (top) and
E = 2.4339T? (bottom). The labels overlaid on each line denote I, = ws(p =
00)/wy, corresponding to mg. The red lines and the blue lines corresponds to
the black hole embeddings and the Minkowski embeddings, respectively. The
circle centered at the origin with radius 1 represents the black hole horizon. In
the bottom panel, the dotted circle is the location of the effective horizon on the
D7-brane’s worldvolume.

Figure shows numerical solutions of the brane embeddings obtained by
solving (3.46). When E = 0, the solutions of the embedding functions are shown
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in the top of Fig.[3.2] In this figures p, w5 and we are defined by
p=wcosl, ws=wsinfhcosy, wg=wsinfhsiny (3.52)

with w = 1/z. wy, is given by 1/z;,. In this coordinate, the background metric is
written by
2 2 flw)? 2, F ) 1 2 2102 2 2
ds?y = w —Wdt + f(w)dz? | + — [dp* + p*dQ3 + dw? + dwg] , (3.53)

where f(w) =1 —wj/w* and f(w) = 1+ wj /w*. This expression of the metric
is a finite temperature version of (3.1). In analogy with the zero temperature
case, we read the quark mass by (3.4). Setting (2ma’) = 1, we obtain

mg = ws(p = +00). (3.54)

In this figure, the embeddings are labeled by the value of ws/wy, at the boundary.
For convenience, we write this dimensionless parameter as I, = ws/wy,(p = 00).
This is related to the quark mass by I, = v/2m,/7T. For I, < 1.2, the solution is
uniquely determined. Remarkably, there are two solutions for qu = 1.3. These two
solutions can be distinguished by 6(z.) or other quantities like <1/_11/)> Such a multi-

valuedness against m, is observed in a very narrow range of 1.2966 < [, < 1.3092.
l~q = 1.3092 is the upper bound for the black hole embeddings. When we consider
larger mass than the upper bound, the solution is given by Minkowski embedding
which does not touch the black hole.

For E = 2.4339T2, the embeddings are shown in the bottom of Fig.|3.2
When E > 0, there is an effective horizon located outside the black hole horizon.
The location of the effective horizon is shown as the dotted circle in the bottom
of Fig.[3.2l We showed only the part of the embedding function outside the
effective horizon, because the part of the embedding function inside the effective
horizon does not affect to the boundary theory. For [, = 1.4, there are two
solutions existing, as we have for the case of £ = 0. The multi-valuedness is
observed in a rage of 1.3985 < l~q < 1.4025 and l~q = 1.4025 is the upper bound
in this case. The electric field applied to the system increases the upper bound
of I, for the black hole embeddings.

Figure shows the DC conductivity opc/T given by as a function
of m,/T for various E/T?. opc is non-zero only in the black hole embeddings.
The branch with opc overlaying on the z-axis is the Minkowski embedding
when E = 0. As shown in Fig.[3.2] the Minkowski embedding still exists even
when we apply a finite electric field. The Minkowski embedding is considered as
an insulator phase. In contrast, the black hole embedding is considered as the
phase where the insulation is broken. We sometimes call it as “metallic” phase
conventionally.

The J-E characteristics in our system at various temperatures are given
in Fig.[3.4] This results can be obtained by collecting the data at some fixed
mg/T in Fig. Notice that only scale-invariant quantities, such as my/T, are
meaningful because of the scale symmetry. In other words, we can fix one of
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051 4
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Figure 3.3: DC conductivity opc/7 as a function of m,/T for various E/T?.
The line with opc/T = 0 is the solutions in Minkowski embedding when E = 0.
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Figure 3.4: J-E characteristics at various temperatures: from top to bottom
T = 0.33898,0.34364, 0.34385, respectively. We have set my = 1 for simplicity.
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the dimensionful quantities to 1 in this model. So we have fixed mq to 1. On
FE-axis with J = 0, there are solutions of the insulator phase at each temperature
although we do not plot in the figure. The system is an insulator at vanishing
charge density, but the insulation is broken by applying a strong electric field.
In the phase where the insulation is broken, the charge carrier is provided by the
pair-creation of the positively charged particle and negatively charged particle. In
analogy with the electron-hole system, these particles correspond to the electron
and the hole. In the small J region, we can see a negative differential conductivity
(NDC): 8.J/9E < 0 [5} [6] ] For T > 0.34385, the E-J characteristics reach the
point £ = 0 and J = 0 even in vanishing density. This is understood as a
finite temperature effect. On the other hand, we can see a positive differential
conductivity (PDC) for large J. For large E or large J, the J-E characteristics
asymptotes to the behavior of J oc N'E3/2.

5Tt is known that a system which has such a NDC often shows instability called as filamentary
instability [28]. There is a possibility that our system also shows the instability. It is interesting
to investigate the instability however we don’t consider the instability since we focus the
homogeneous system in this thesis.



Chapter 4

Bound states in the
holographic conductor

We analyze the behavior of the bound states in the holographic Conductor.IIB]E]
The relationship between lifetime of the bound state and the applied electric
field gives us a hint of the mechanism of the NDC. We find that when the system
shows negative differential conductivity, the lifetime of the bound states grows
as the electric field increases. The result suggests that the NDC in this system
is realized by the suppression of the ionization of the bound states that supplies
the free carriers.

4.1 Setup

The bound state in the boundary theory is realized as the normalizable mode of
the perturbation field on a background configuration in the gravity theory. In
this study, we consider a perturbation of the normalizable mode of the transverse
vector field for simplicity, since it is decoupled from all other perturbation fields
at the linear order of the equation of motion. Hereafter, we write the transverse
direction as = 223. Behavior of the spectral function of A; has been studied
in [29]. We analyze the behavior of the QNM of the perturbation field of A, in
detail and clarify its dependence on E in the NDC region.
The ansatz for the gauge fields is

A, dE = (=Bt + a1 (2))da’ + A(z, t)da™t, (4.1)

where A(z,t) is the perturbation field of the transverse vector mode. We have
set the transverse direction to 2 direction without loss of generality. We assume
the perturbation field is independent of the spatial coordinates 7.

The equations of motion for the gauge field are written as

ab[ - det(gab + Fab)gac cdfydb] = Oa (42)

IThis work is based on a collaboration with S. Nakamura.

31
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where 7,5 is the open string metric: Yap = gap — Facg®@Fap. 7% is defined by
Y% yep = 0%,. For A, , the linearized equation of motion becomes

Ap[\/— det(gap + Fap)g-t0aA(z, t)v%®] = 0. (4.3)

We condider the Fourier transform of the gauge field, fl(z, w) = f_oooo dt exp(iwt)A(z,t).
Then the equation of motion is written as

0.[v/ — det Gapg™ (V2 A (2) — iwy'* A(2))]
—iwy/— det Gapgt 77 A (2) — w?/— det Gapgt 7" A(2) = 0,

where Ggp, = gap + Fup. We simply wrote ./Zl(z,w) as A(z).
For the Mikowski ebeddings, we should impose the boundary condition for
the perturbation field at z = zg as

A'(20)
Alzo)

For the black hole embeddings, we must impose the ingoing-wave boundary
condition at z = z, to obtain the proper solution. This is because the position
of z = z, on the worldvolume of the D7-brane plays a role of the horizon for the
perturbation field.

(4.4)

=0. (4.5)

4.1.1 Ingoing-wave boundary condition with J =0

Before we study the ingoing-wave condition in NESS with finite .J, we consider
the perturbation field in the background of £ = J = 0. When we set E = 0, the
location of the effective horizon z = z, and the open string metric -4, reduce
to the location of the black hole horizon z = z;, and the induced metric g,
respectively. In such a background configuration, the perturbation field which we
consider now has been studied in [26]. By using the expression for the induced
metric , we write the linearized equation of motion as

f(z)  cos?O(z) 2@ 1 122 cos® 0() Alz) —
2 e O T e Ve e e AR =0

z

SA(2)

(4.6)
Let us perform the Frobenius expansion in the vicinity of z = zj:

A(z,w) = F(2) Ay + O — z/21)). (4.7)

Note that f(z) is order of O(1 — z/zp). In the vicinity of z = 2, the leading
contribution of (4.6]) is given by

A2 f/(z’h) +w2 .f(Zh) (12 + ol(zh)2> =0. (48)

Zh f'(zn) \ 2

Recall that 6'(z,) = 0 when E = 0, then we find

w
A= 4i 49
“onT (4.9)
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Let us analyze these two solutions in the tortoise coordinates. In the vicinity of
z = zp, the tortoise coordinates is given by

B z £r1\1/2
t=t, Z:/O fgcz(z)/) dz’:—%log(l—z/zh). (4.10)

Note that the horizon is located at Z = +oo in the tortoise coordinate. The
plane-wave ansatz is written as

A(2)e™ ™t ~ /l(o)(l —z)zp) e ~ /l(o) exp [—i(wt 4 27TAZ)] . (4.11)

For A = —iw /27T, the perturbation field propagates towards Z = +oo. Therefore,
A = —iw/2xT and +iw /27T correspond to the ingoing-wave and outgoing-wave
solutions, respectively.

By considering A(z) = f(2)*A(z) with A = —iw/27T, we write (4.6) as

o lf(z) cos? 0(z) ( Q)i L) A(ZM

22\ /1/22 4 0'(2)2
Cw f(z)  cos®O(z) (/l’(z)—zwf,(z)/l(z)) (4.12)

T onT 22 1/22 4 60'(2)2 21T f(2)
ﬁ 1 "(2)2 cos® 0(2)A(z) =
+w B Z2+9() 0(2)A(z) = 0.

Now, the ingoing-wave boundary condition is replaced with the regularity condi-
tion at z = z. By solving (4.12)) in the vicinity of z = z, with the regularity
condition, we find
Al(zn)  iw
Alzn) V2
Since we are working on the linearized equation, ~/Zl(zh) is just a normalization
constant of A(z).

(4.13)

4.1.2 Ingoing-wave boundary condition in NESS

Let us consider the ingoing-wave condition for the perturbation field in the
NESS background. In the presence of J - E, we need to impose the ingoing-wave
boundary condition not at the location of the black hole horizon but at the
effective horizon. By performing the Frobenius expansion in the vicinity of
Z = 2y, We write

A(z,w) = (1 = z/2) MA@y + O(1 — z/2.)). (4.14)

A is determined by (4.4). Note that v** goes to zero whereas v** and v** do not
vanish at z = z,. Then we find that A must satisfy

,Ytz
M= 20w =0. (4.15)

(,yzz)/
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We obtain two distinct solutions:

!/
a
Ao =0, A\ =2iw~y?/ (v ] = —2iw—">3——(2,). 4.16

+ /)., (|gtt‘gm),( ) (4.16)
A_ corresponds to the ingoing-wave boundary condition because of the following
reasons. The equation of motion of the perturbation field is described by using
the open string metric 7,5, which has off-diagonal components ~;, = ,; in our
setup. The open string metric can be diagonalized as

— we N1 %\ e
,}/abdf df = |’Ytt| - dt - dZ + Yzz + dZ
Vet Ve Vel

Foeel (417)

We consider a conformally flat coordinates

- Z p z 1 2
t=1t— / B dz’, zZ= —/ — <sz + Ttz >dz’, (4.18)
0 |%t\ 0 \’Ytt| |7tt|

so that we have

Yabd€?d€? = |yee| (—df? +dZ?) + - . (4.19)

In the vicinity of z = z,, we have

’Ytz

|’Ytt|/

The perturbation field in the vicinity of z = z, is now given by

'Ytz

el

t=t—

log|l—z/z, 2

- |

log |1 — z/z|. (4.20)

Zx

A(z,w)e™ ™" Ay exp [—iwt + Ay log(1 — z/2,)]

=A0) exp [—iw(f:l: 2)} , (4.21)

where the double sign corresponds to that of Ay respectively. Since the effective
horizon is at Z = 400, the ingoing wave solution is A exp [fiw(ff 2)] =
Aoy exp [—iwt].

In [29], it is also argued that A_ corresponds to the ingoing wave boundary
condition in view of the consistency in the limit of £ — 0. Let us perform the
Frobenius expansion in the vicinity of the black hole horizon z = zj:

Alz,w) = (1 — z/zh)j‘ (./Zl(o) +0(1- z/zh)> . (4.22)

Then, the equation of motion gives the two distinct solutions for A:

1 x1 0 f(2) aj(z)
R R TP

(4.23)

Z=Zp

Since af(z) is proportional to 1/ f(z), the second term converges to a finite value.
One find that the value of the Frobenius exponent at z = z;, is different from
(4.9) for E = 0. Unlike the case of £ = 0, the black hole horizon is hidden by
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the effective horizon from the point of view of the observers outside the effective
horizon on the worldvolume. In the vicinity of the z = z,, we have also two
choices of the Frobenius exponent .

Let us see the behavior of the perturbation fields in a limit of £ — 0 for each
choice of the Frobenius exponents. For finite F, we write

Alz,w) = (1= 2/z) (1 = 2/2) Aseg (2,w), (4.24)

where Ayeg(2,w) is a regular function at z = 2, and z = z,. Since z, reduces to
zp, in the limit of E' = 0, we expect there is Aiot which is defined by

(1= 2/21) M Apeg(2,w) = lim (1 — z/zh)(:\"'”\)Areg(z,w). (4.25)

E—0

In the limit of £ = 0, Ay must be

) L w
EI'ILHO Ay = e (4.26)
(4.23) gives us
.= 11 | w
dmAs = ———ig (4.27)

There are four possible combinations of each two values of the Frobenius expo-
nents:

lim A+ =1 (4.28a)
lim A A =1 Z%LT (4.28b)
éiinoj\_ + A =0, (4.28¢)
lim A+ = —i%. (4.28d)

In the case of E' = 0, the exponent —i5 5 corresponds to the ingoing wave and
i5-p does outgoing wave. @ is exactly the exponent which realizes the
ingoing-wave solutionﬂ By the consistency, we regard the choice of A_ at z = z,
corresponds to the ingoing-wave boundary condition. The result agrees with the
previous discussion based on the open string metric.

Once the Frobenius exponent is determined, the ingoing-wave boundary
condition can be replaced with the regularity condition at z = z,. Since v**
vanishes at z = z,, we obtain

A(z)  iw(vV/—det Gapgtt~t2) //— det Gapgtt + w2yt

A(Z*) - (,yzz)/ — 2wtz . (429)

Z=2x

2We can not find the outgoing mode in . In 30|, they found both of the ingoing-
and outgoing- modes in the total Frobenius exponents in a limit of £ — 0. They used
another coordinate system, and they obtained the exponents corresponding to the ingoing-
and outgoing-wave as A = tiw/47T. The Frobenius exponents depend on the choice of the
coordinates.
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In order to study the corresponding bound state, we also need to impose the
vanishing condition at the boundary: A(0) = 0 at z = 0. This condition ensures
that the solution is a resonance state without an external source, in other words
a bound state. The equation of motion with the boundary conditions at two
boundaries provides us an eigenvalue problem.

4.1.3 AC conductivity

We make a comment on the computation of the spectral function for the pertur-
bation field discussed in Ref. [29]. Let us consider the on-shell action obtained
from (3.35)), whose relevant term is given by

Sgu-shell —%/ / d*z \/—det Gapgt 722 A (t, 2) Alt, 2) (4.30)

z=0

We dropped the surface term at z = z;, in accordance with the Minkowskian
prescription of the AdS/CFT correspondence [31]. Following [31], the current-
current two-point function is given by

A'(z,w) A(z,w)*
|A(2, w)|

)

z=0

Gl (W) = N/ —det Gopgttv7* (4.31)

where A(z,w) is the Fourier transform of A(z,t). From this expression, we can
see that the Dirichlet condition at z = 0, A(0) = 0, makes G} | (w) divergent.
This implies QNMs correspond to the poles of the two-point function. By using
the Kubo formula, we obtain the z*-z1 components of the AC conductivity
tensor as R
ImG
() = - mEL) (4.32)
w
We demonstrate (4.32)) gives the expression of the DC conductivity given
by (3.44) in the limit of w — 0.[29] Let us expand the perturbation field with
respect to w:

g

A(z,w) = Ag)(2) + wA@1y + O(w?), (4.33)
where Ak (z) is order of w”. In the 0-th order of w, (4.4) gives
o, [ —det Gang‘J‘vzz.AEO)(z)} —0. (4.34)

The solution is written as

- z dZ/
Aoy (2) = C0) + C(o) /

V=det Garg 177

C(o) and C(O) are integration constants. The second term is divergent at z = z,

(4.35)

since v** goes to zero. From the regularity condition for A(z), we set C'(O) =0.
At the 1st order of w, the equation is given by

9., [ —det Gapgtt (’yzz 1y (2) = iwthC’(o))} =0. (4.36)
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We obtain the solution

A (2) /Z 0(1) + iw+/— det Gabgll’)/tZC(o)
Z) =
(1) . —_det GabglL,Yzz

where C1) and C~’(1) are integration constants which have order of w. We must
make the solution regular. To do this, we set

dz’ + é(l), (4.37)

C(l) = iwy/ —det Gang_J_,ytz O(O) (438)

Z=Zx

Then, the first term in (4.37) is convergent at z = z.. Setting A(z.) = C(q),
we can fix C~'(1) to zero without loss of generality. By inserting these results to

(4.32), we obtain

C(l) + iwy/—det GabgLL’ytzC(o)

Il oy :
o (w=0)= Nuljlgblm e
0) z=0
— N{ —det Gpgtto** _ —det Gapgt7% 0} .
(4.39)
(4.39)) is computed by using the following formula:
N/ det Gupgttnt = ~NEd)(z) cos® 0 /
\/lgtt|gm:cgzz - (gzzE2 - ‘gtt|a1(z)2)
(4.40)
___JE
|gtelgwa

In the second line, we used (3.38)). Evaluating this function at z = 0, one finds
the second term in the parenthesis in (4.39) vanishes. From the first term, we

find

ot (w=0)= % = opc. (4.41)

We used the relationship (3.41) at z = z..

4.2 Numerical results

In this section we show the numerical results of the analysis of the QNMs. In
Section we show the relationship between the lifetime of the bound state
and the electric field. We find the the mechanism of NDC is related to by the
decay process of the bound states.

4.2.1 The behavior of the perturbation field in the holo-
graphic conductor

In this section, we explain the behavior of the solutions of (4.4]) and the details
of the numerical computation. We can not solve (4.4)) analytically, because the
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equation involves # which can be obtained numerically. In order to stabilize
the numerical computations, we introduce cutoff s at the regular-singular points
z=0and z = z,.

w=1 w=2.1484
10 ‘ 10F
o9} 08
B B
\N_/ :Q/ 06 L
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® X 04r
< 07f <
02
06
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00 02 04 0.6 08 10 00 02 04 0.6 08 10
z/20 z/zo

Figure 4.1: (Left) Solution of the perturbation field at w = 1. (Right) Solution
of the perturbation field at w = 2.1484. This frequency corresponds to the lowest
value of the normal frequencies indicated by cyan circle in Fig.[£.2] This solution
gives the lowest normal mode. In both cases, the background configuration is
classified as the Minkowski embedding which is parameterized by E = 0.051567
at T = 0.34364.
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Figure 4.2: A(0)/A(zo) as a function of w at E = 0.051567 and T = 0.34364.
The cyan circles indicate the zero points of this function. They correspond to
the normal modes.

Let us begin with the analysis for the insulator phase that is realized by
the Minkowski embeddings. We solve the equation of motion under the
boundary condition . The obtained solutions are plotted in Fig. In the
Minkowski embeddings, the solution of the perturbation field has no imaginary
part. The left panel of Fig.[4.1] shows an example of solution at w = 1. The
solution does not satisfy the Dirichlet condition .A(0) = 0 but has finite value of
A(0)/A(z0) =~ 0.59 at z = 0. This means that w = 1 is not the eigenvalue. In the
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right panel of Fig.[4.1] the solution satisfies the Dirichlet condition at z = 0 for
w = 2.1484. We used FindMinimum built-in function in Wolfram Mathematica
12 to find the w that satisfies the condition above. This solution is the normal
mode with the normal frequency of w = 2.1484. The normal mode is interpreted
as the bound state and the normal frequency gives the mass of the bound state.
The two-point boundary value problem has the family of solutions A(z) with
eigenvalues of w. Fig.[1.2shows A(0)/.A(z0) as a function of w. The zero points of
this function indicated by the cyan circles corresponds to the normal frequencies.
There is an infinite tower of the normal modes similar to . All the normal
frequencies are real in this case. The reality of the normal frequency implies
that the bound states have infinite lifetime in this phase.

w=1
10

_osf

B
X
= real
= oo - )
= e ima
< ' g
5
§ real
= .
= 77 NY N o----- imag.
< g

Figure 4.3: Solutions for with w =1 (top) and w = 10 (bottom). The red
line and blue dotted line correspond to the real part and the imaginary part
of the field, respectively. Here, J = 0.0020000, £ = 0.051567 at T" = 0.34364
corresponding to the purple line in Fig.

Next, let us consider the perturbation field in the conductor phase. Imposing
the regular boundary condition at z = z, given by , we solve the equation of
motion . The solutions of the perturbation field in the black hole embedding
are shown in Fig.[£:3] In contrast to the case of the insulator phase, the solutions
of the perturbation field have finite imaginary part. Moreover, there is no regular
solution satisfying the boundary condition at z = 0 for purely real-valued w. In
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general, it is known that the eigenvalue of w is complex for the a black hole
embeddings. The corresponding mode is reffered quasinormal mode (QNM). We
call the complex-valued eigenvalue of w as quasinormal frequency. The imaginary
part of the quasinormal frequency originates in the non-Hermitian aspect of the
ingoing-wave boundary condition at the horizon.

Alz = 0;w)/ A(z)

o n
54 I
2

0

—-n/2

0.021
0

00 — Ed
0.85 -
n/2

0.017

WR

Figure 4.4: Plots of A(0;w)/.A(z,) as a complex function of w = wg + iwr. The
absolute value and the argument of the function are shown as a brightness and
a hue at each point, respectively. The background configuration is the same as
that of Fig.[£.3] The lower panel shows the right-half plane of the upper panel.
In the lowe panel, the cyan circles indicate the locations of the QNMs where
A(0)/A(z,) vanishes, namely the quasinormal frequencies.

Figure [4.4] shows the plots of A(0;w)/A(zx) on the complex w plane, where
w = wpr + iwy. From the upper panel of Fig.[f.4] the function seems to be
symmetric under the flip of the sign of wg, thus we focus on the QNMs with
wr > 0. In the lower panel of Fig.[£.4] there are points indicated by cyan
circles where A(0)/A(z,) vanishes. All these points lie in the region of w; < 0.
Therefore, the locations of the cyan circles correspond to the eigenvalues of the
QNMs, namely quasinormal frequencies. In Fig.[f.4] we have shown only few
modes for small wg. It is seems that there is infinite tower of QNMs as is the
case of . We compute the quasinormal frequency numerically by solving
with imposing the regularity condition at z = z, to z = 0 and finding w
that satisfies the boundary condition at z = OEI This method is called shooting

3In the numerical computation, we regard that the Dirichlet condition is satisfied if

Alevv) |, —8
A(Z*—SIR)'( )510 ’
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w = 2.1077 — 0.473141

00 02 04 0.6 08 1.0

2/ 2

Figure 4.5: Solution corresponding to the lowest QNM with w = 2.1077 —
0.47314i, in Fig.[4:4] The solution satisfies both of the regular condition at z = z,
and the vanishing Dirichlet condition at z = 0.

method[]

In Fig.[4:4] the quasinormal frequency at w = 2.1077 — 0.47314¢ corresponds
to the lowest QNM in this configuration’| Fig.[4.5 shows the corresponding
eigen-solution for the lowest QNM. The solution satisfies both of the regularity
condition at z = z, and the Dirichlet condition at z = 0. Here, the quasinormal
frequency has the finite real part and the negative imaginary part. This means
the mode shows damped odcillation. Such a behavior is called as ringing down in
the context of the gravity physics and cosmology. The negative-imaginary part
corresponds to the damping factor. In the viewpoint of the dual field theory, —w;
is just proportional to the decay width of the corresponding bound state whose
interpolating operator is ¢¥y=1. In other words, it is known the quasinormal
frequencies correspond to the poles of the retarded Green functions in the context
of the AdS/CFT correspondence. Thus, we regard —wy as the decay width,
namely the inverse of the lifetime of the bound state. In the next section, we
show the behavior of the bound states by investigating the relationship between
the lifetime and the applied electric field.

4.2.2 The behavior of the bound states for £ =0

When E = 0, the perturbation field can be either a normal mode or a QNM.
Before presenting the result for £ > 0, we check the consistency of our numerical
calculation by comparing the analytic result in the cases of E = 0. In Fig.[4.6]
we show the frequency of the lowest normal mode and the quasinormal mode as

We used FindMinimum built-in function in Wolfram Mathematica 12 to find the w that satisfies
the condition above.

41t has been found that the numerical errors in the shooting method are large in the D3-D7
model when |wy| is greater than the order of the temperature [32|. However, we study only
small region of |wy| in this thesis.

5More precisely, we can say this is the most stable QNM in this background configuration.
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w/27T

-
————
-

mg/21T

Figure 4.6: Frequency of the lowest (quasi-)normal mode as a function of
mg /27T when E = 0. The red line and red dashed line are corresponding to
the real part and imaginary part of the quasinormal frequency in the black hole
embedding. The blue line represents the normal frequency of the lowest normal
mode in the Minkowski embedding. The vertical dotted line at mg,/27T =
0.45843 indicates the point where the black hole embedding and the Minkowski
embedding meet. Another dotted line shows the line of w = 2\/§mq.
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Figure 4.7: Detail of the solutions shown in Fig. around mg/2nT = 0.45843.
The red line is the real part of the quasinormal frequency of the lowest QNM in
the black hole embedding. The blue line is the normal frequency of the lowest
mode in the Minkowski embedding. The vertical dotted line indicates the point
where the two embeddings meet: m,/27T = 0.45843.
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a function of my/T. In this subsection, we don’t set mgy = 1 but keep it as a
variable. For small m /27T, the solution is given by the black hole embedding.
The mode becomes the QNM. In the massless limit, the quasinormal frequency
asymptotes to the analytic result (3.32): w = 277T(1 — ). On the other hand,
the solution is given by the Minkowski embedding for large m,/27T. In Fig.|4.6]
we find the blue curve asymptotes to the line of w = 2\/§mq. This is consistent
with the analytic result , w=2v2l,/L? with I, =m, and L = 1.

Let us make a comment on the transition point between the black hole
embedding and the Minkowski embedding. The transition point is located
around mg/2nT = 0.45843. Fig. shows the behavior of the lowest (quasi-
)normal mode versus my/2nT near the transition point. In the vicinity of the
transition point, however, the calculation is difficult owing to numerical errors.
We can not see the convergence of the real part of the frequency of the lowest
normal mode and QNM. It is interesting to understand the precise behavior of
these solutions around the transition point.

4.2.3 The behavior of the bound states in the NDC region

In this subsection, we present how the lifetime of the bound state depend on
the applied electric field E when the system exhibit NDC. Since the lifetime is
inversely proportional to w; = Imw of the quasinormal frequency, we investigate
E dependence of wy.[13]

We have computed wgr and w; of the first excited mode of the transverse
vector field as functions of E and J at various temperatures. In Fig.[I.8] Fig.[£.9]
and Fig.[4.10] the dash-dot line, the solid line, and the broken line represent the
data at T' = 0.33898,0.34364 and 0.34385, respectively. The J-E characteristics
at the same temperatures are given in Fig.[3.4]

The location of the pole corresponding to the QNM is given in Fig.[f.8 The
top and the bottom panel of the figure show the results in different ranges of
w = wWpr + iwy. The pole moves along the curve at each temperature when we
vary E and J along the corresponding J-E curve in Fig.[3.:4] The dotted line
is a reference which indicates the location of the pole at £ = 0 for various
temperatures. The data used in the reference line is the same as the red line and
red dotted line in Fig.[f.6] The reference line asymptotes to the analytical result
with [ = 0 in the massless cases: w/T = 2m(1 —1i), at the high temperature
limit. Note that the broken line at T" = 0.33898 touches the reference line of
FE = 0. This is because the J-E characteristics at this temperature reaches
FE =0 as shown in Fig.|3.4]

Let us see the details of the behavior of the lifetime of the bound states
under the presence of E. The top panel of Fig.[1.9 shows the J-E characteristics
and the bottom panel shows the relationship between —w; and the electric field
E. —uwy is regarded as the decay width of the bound state. Note that J and
—wy are multi-valued functions of E. The branches of the smaller value of —w;y
correspond to the branches of smaller J. For the solid line and the dash-dot
line, the smaller-J branches always show NDC. We find that 0(—w;)/0F < 0 for
these branches. The fact that O(—wy)/OE turns into negative when the system
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Figure 4.8: Trajectories of the poles at fixed temperatures when we vary F
and J along the corresponding J-E curve in Fig. The dotted line is a
reference line at E = 0 for various temperatures. In the upper panel, we show
whole range of the reference line at £ = 0. The reference line asymptotes to
the analytic result of w = 277T(1 — ¢) in the limit of high temperature. Same
result for vanishing F has been obtained in Ref. . In the lower panel, we
show the relevant region to the £ > 0 cases. The upper endpoints with w; =0
are corresponding to the endpoints with J = 0 in Fig.[3.4]
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Figure 4.9: (top) E dependence of J, (bottom) —w;y as
various temperatures.

a function of E at
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shows NDC is the main result of our analysis.
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Figure 4.10: DC conductivity opc vs. decay width —w; at various tempera-
tures.[13] The lower two lines are almost overlapping.

Let us find the physical implication of this result. It is helpful to see Fig.[4.10]
for this purpose. Fig.[f.10| shows the relationship between the decay width —w;
and the DC conductivity opc given in . —wr is a monotonically increasing
function of op¢ irrespective of the temperature. opc seems to be proportional to
the square power of —wj: opc (—wl)z. In particular, opc reaches zero when
—wr = 0: we do not have electric conduction if the bound state is completely
stable. This shows that the electric conduction in the vicinity of opc = 0 in
the present system is owing to the charge carriers supplied by the ionization
of the bound states. Now the physical implication of our result becomes clear.
In the vicinity of opc = 0, the charge carriers are supplied by the ionization
of the bound states. Let us focus on the J-E characteristics in the vicinity of
oDC =0 in Fig. We should refer to the data where E remains finite when
J approaches zero there. One finds that the data in the vicinity of opc = 0
show NDC, and d(—wy)/0F < 0. These observations lead us to the conclusion
that the origin of the NDC in the present system is suppression of the ionization
of the bound states which provides the charge carriers, by the increase of the
electric field.

Let us make a few comments. Our statement is that when we have NDC,
O(—wyr)/OE < 0. However we do not claim that whenever d(—w;)/0E < 0 is
realized the system always shows NDC. For example, the lower branch of the
broken line at 7' = 0.34385 in the bottom of Fig.[4.9] shows PDC even though
d(—wy)/OFE < 0. Our statement is only for NDC, and we do not attempt to make
any concrete statement for PDC. However, we can make the following discussions.
Since our system is neutral, the possible origins of the charge carriers are the
following three processes: i) thermal excitation of carriers from the vacuum, ii)
the Schwinger effect induced by the electric field that creates pairs of positive
and negative charge carriers, and iii) the ionization of the (already-existing)
bound states by the electric field. Fig.[£.11] shows the relationship between these
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processes. What we have found is that when NDC is realized, the main origin of
the charge carriers is iii). However, the above three processes can contribute to
the electric conduction in general. For example, when we raise the temperature,
the process i) will not be negligible. This implies that the mechanism of NDC
we proposed above will not work in the high-temperature region. Indeed, the
system shows the J-E characteristics given by J ~ N E3/2, which gives PDC, at
the high-temperature limit. Therefore, we should consider not only the process
iii) but also others for PDC.

ionized state
iii)

i), i) bound state

vacuum

Figure 4.11: Schematic picture of three processes to produce charge carriers.
We consider three states: vacuum state without particles, the bound state and
the ionized state. The processes, i) and ii) are considered as the transition from
the vacuum state to the ionized state. iii) corresponds to the decay process of
the bound state.

Before closing this section, we make a comment on how to measure the
lifetime of the bound states in experiment. We have computed the lifetime of the
bound state from the imaginary part of the quasinormal frequency. Alternatively,
one can read it from the full width at half maximum (FWHM) of peaks in the
w-dependence of the AC conductivity. Since the AC conductivity is measurable
in experiments, it is worth while reviewing how the lifetime comes into the AC
conductivity.

Let us assume that the standard oscillator model called the Lorentz model
[33] can be applied to our system. In the oscillator model, the dielectric function
is given by

—Sn 52 52) SnwynE2
. +i n , 4.42
= €oo + Z |: + w fy Z(WQ _ 57%)2 + W2%2L ( )

where S, &, and ~,, are the oscillator strength, the oscillator frequency and the
damping factor of each oscillator labeled by n. e, is the dielectric constant at
high frequency. The oscillator frequency and the damping factor corresponds
to the energy and the decay width of the bound states, respectively. The AC
conductivity is related to the dielectric function by o(w) = —iwe(w). The real
part of the AC conductivity is expressed as

Spw?ynw?
Reo(w) = Y (B (4.43)

n

Reo(w) has a peak at w = w,, when v, /w,, is sufficiently small. ~,, is the FWHM
of each peak centering at w = w,,.
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Figure 4.12:  (Left) AC conductivity, (Right) J-E characteristic at T =
0.34364.[13] The value of J for each curve in the left figure correspond to
those labeled by A to D on the J-FE curve.

In our gravity model, the AC conductivity can be calculated by using El
Figure [£.12] shows the real part of the AC conductivity at 7' = 0.34364 for various
J in our system. The spectrum of the AC conductivity has peaks. We can see
the peak located at w ~ 2 broadens as J increases along the curve in the right
figure of Fig.[4.12] This behavior is consistent with our result shown in Fig.[1.9]
at T = 0.34364 that —w; of the lowest mode increases when J grows.

6The spectrum function corresponding to the AC conductivity in this setup has been
investigated in .



Chapter 5

Ohter applications of the
analysis of QNM

In this chapter, we present other applications of the analysis of QNM in the
D3-D7 model.

First, we discuss a setup for the analysis of linear stability of the system in the
NDC regime when we control E. Since the J-E characteristic is a multi-valued
function of E, we expect that the system will be unstable if we allow fluctuation
of J. This instability will be observed by considering the perturbation field of
A1 (z) along the direction of J.

Second, we show the existence of the Nambu-Goldstone mode associated
with the spontaneous breaking of the U(1)g chiral symmerty from the gravity
mode1.|14]E] The D3-D7 model exhibits the magnetic catalysis when we apply
external magnetic field. At finite temperature, the system is an open system
which has a contact with the heat bath. We show the dispersion relation of the
Nambu-Goldstone mode in this open system.

5.1 Linear stability of the holographic conduc-
tor

In this section, we consider the linear stability of the holographic conductor.
The setup is the same as Section We apply electric field along z! direction
to the system and the charge density of the system is zero. In order to see the
stability of the system, we consider the perturbation field of A;. Unlike A, A;
is coupled with the scalar field 6. So, we employ the following ansatz:

Ad€® = (=Bt + ay(2))dt + Ay (t, 2)dzt, 0 =0(2) +9(t,2), (5.1

where A (, z) and 9(t, z) represent perturbation fields. a;(z) and 6(z) are the
background solutions of (3.39)) and (3.46)), respectively. The equation we will

IThis work is based on a collaboration with M. Matsumoto.
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solve is given by linearizing (A.5). Since the expression is lengthy, we don’t write
them explicitly here. Alternatively, it is formally written as

Al(t, Z) o
£(t, z) [ﬁ(th) =0, (5.2)
where £(t,2) is a second-order linear differential operator which has 2 x 2
components. We would like to obtain QNMs associated with these perturbation
fields. We focus on the case with E,J > 0. Here, we write A;(z) and 9(z) as
the Fourier transform of the original fields. By performing Frobenius expansion

at z = 2,: [f;l((j)} P {,zt;((zz))} 7 (5.3)

we find one of the Frobenius exponents is A = 0. As A, A = 0 corresponds to
the ingoing-wave solutions. We formally write the solutions as

55 e [555), o

where I1(z, z,;w) denotes the matrix generating the regular solutions from the
fields at z = z, for given w. According to [34], the normalizable condition for
the coupled perturbation fields is given by

lim e~ A2 +A0) Gt TI(e, 205 0) = 0, (5.5)

e—0

where A_ can be read from the asymptotic expansion of the field as:
B(2) = d0)z™~ + d4)z™F + . (5.6)

For A; and 9, it is given by A =0 and A? = 1, respectively. By using this
condition, we analyze the QNMs from the perturbation fields, as those in Section
From the quasinormal frequency of the QNM, we study the stability of the
system against the perturbation of J and <z/;1/)>

Currently, the author is analyzing the behavior of the QNM in detail. The
results will be reported in other literature[]

5.2 Nambu-Goldstone mode in a holograhic mag-
netic catalysis

The D3-D7 model has U(1) g chiral symmetry for massless case. In Ref. |15, [16],
spontaneous breaking of the chiral symmetry in the presence of the external
magnetic field has been studied. EI This is considered as a holographic realization

2This work is based on a collaboration with S. Nakamura, S. Kinoshita, M. Matsumoto and
Y. Fukazawa.

3In Ref. [15} |16], they considered Kalb-Ramond B-field. The B-field acts as an external
magnetic field on the D7-brane’s worldvolume.

The phase diagrams of this system in the temperature density (or chemical potential) plane
has been studied in Ref. [30].
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of the magnetic catalysis in QCD. The spontaneous chiral symmetry breaking
(xSB) gives a massless Nambu-Goldstone (NG) mode. We investigate the
dispersion relation of the NG mode by using the QNM analysis. In the Minkowski
embeddings, this is given by an ordinary massless mode which has the dispersion
relation of w = 4v|k|.[35] In the black hole embeddings, we find the nontrivial
dispersion relation of the NG mode in the open systemﬁ
Let us consider the background configuration of the D3-D7 model. The
background geometry is Schwarzschild AdSs x S° . The action for the
D7-brane is given by the DBI action . We apply a magnetic field along x>
direction to the system with finite density. We employ the following ansatz of
the gauge field.
A,de™ = ay(2)dt + Brtda?, (5.7)

where B is the magnetic field and a;(z) corresponds to the charge density. Notice
that we do not consider applying an electric field, here. The system is open but
in equilibrium. The action is written as

b7 = _N/ d'zdzcos® 0(2)V/gaw (B2 + g2,) (g1l — aj(2)?). (5.8)

The constant of motion for a;(z) is regarded as the charge density D. This is
given by
_ OLpr _ Y c0s® 0(2) 9o (B? + g2,)a}(2) (5.9)
day(z) 9ea (B + g2,) (1911922 — ai(2)?)’ '
where Lp7 is defined by Spr = [ d*zdzLp7. By solving this equation for aj(z),
we obtain

/ - D |gtt|gzz )
a;(2) \/Dz + N2g,.(B2 + g2,) cos® 0(z)

The non-normalizable mode of A; is read as the chemical potential which is
given by

(5.10)

p = lim A = /0 ay(z)dz. (5.11)

We have set A;(z,) to zero. By performing Legendre transformation, we write

0Lp7
0Ai(2) (5.12)
=~ Vlgttlg::v/D? + N?gua(B? + g2,) cosS 0(2).

The equation of motion for the embedding function 6(z) is obtained from (5.12).
The thermodynamical stability of the system in this setup have been studied
in [30]. For finite B and massless cases, the system exhibits three types of
phases as shown in Fig. the chiral symmetry restored (xSR) phase in black
hole embeddings, the xSB phase in black hole embeddings and xSB phase in
Minkowski embeddings. The system in the former two phases has melting bound

ED? :£D7 — Ai(z)

4In |14, we also find the dispersion relation of the NG mode in NESS.
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states as the QNMs. The system in the last phase has bound states with infinite
lifetimes as the normal modes. The order parameter of the chiral symmetry is
the chiral condensate (gq). This field theory’s quantity corresponds to bending
of the probe brane in this model. So, the ySR phase corresponds to the flat
embedding which is given by 6(z) = 0. Fig. shows the phase diagram in
w-T plane. This phase diagram is obtained by computing the grand potential:
(T, 1) = —Spr/N[30)

~e.
.
.
..

p

Figure 5.1: Configurations of the brane embeddings for my; = 0. The dotted
red line is a Minkowski embedding which represents the xSB phase. The dashed
orange line is a black hole embedding which represents the ySB phase. The blue
line is a black hole embedding which represents the SR phase.

025»”\' '
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0.00F, ; ; ; ; == ‘
0.0 0.1 02 03 04 0.5 0.6 07
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Figure 5.2: Phase diagram in p-T plane.[30] The dotted line indicates the
location where second order transitions occur. The solid line represents the first
order transitions.

Let us consider the perturbation fields corresponding to the NG mode of
the chiral symmetry. The U(1) chiral transformation corresponds to the SO(2)
rotation of the D7-brane in ws-wg plane. Therefore, the angular coordinate 1)
must be corresponding to the NG mode. Note that 1 is coupled with the vector
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fields via WZ term of the DBI action. The relevant term is written as
Swz ~ Vol(S?’)% / d*zdzeT*m cogt 00;Y Fj Fipm, (5.13)

where 4, §, k- - - denote & = t, 2!, 22, 23, 2. Now, we consider the following ansatz
for the perturbation fields:

Y =0+0p(t,zt,2), Az =05As(t,zt, 2), (5.14)
where 2+ = ! or 2. We assumed the perturbation fields are independent of
x? for simplicity. Expanding the action to quadratic order in §¢) and §As, we
obtain the equations of motion for the fluctuations:

Da/ — det Gapy*® gy, Op0th — (cos* 0) BO6 Az = 0,

(5.15)
—20,1/— det Gapy™g** 90 Ag) + (cos® 0)' BOorp = 0,

where Gup = gap + Fup. By performing Fourier transformation, we obtain

0: | V= det Gangr™*0:00(2)50(2)|

— kakp/— det Gapgypyp P 89(2) + iw(cos® 0) B§A3(z) = 0,

, (5.16)
a. [ ~det Gabg“vzzazaAg(z)}

— kakgy/— det Gabg337“ﬁ(5A3(z) +iw(cos* B) Bow(z) = 0,

where o, 3 = t,z1. Note that v** is diagonal in the present case. We simply wrote
0y (z) and 6A3(z) as the Fourier transformations of the original perturbation
fields. The ingoing-wave boudary condition at z = z;, is imposed as the following
redefinitions:

0U(2) = (1 — 2/2) /260 (2), 6A3(2) = (1 — 2/z) " “/* T 5 A3(2). (5.17)

We find the QNMs of the these coupled fluctuations by using the condition
(5.5). In order to avoid a coordinate singularity appearing when 6(z) = 0, we
shall use dw(z) = 20v(z)/sinf(z) rather than ¢ (z) itself. Then, the values
of A_ are given by zero for dw(z) and dAs(z). The dispersion relation of the
corresponding mode is given by the quasinormal frequency as a function of the
spatial momentum k| .

Figure [5.3] shows the dispersion relations for the lowest two modes corre-
sponding to the perturbation field of ¢ and As. In each plot, filled circles and
open circles denote the real part and the imaginary part of w/ VB, respectively.
In the chiral symmetry restored phase (upper left), the perturbation fields of v
(scalar) and Aj (vector) are decoupled from each other. The both modes are
observed as the purely imaginary modes. In the chiral symmetry broken phase,
however, these perturbation fields are coupled with each other, as discussed
above, then the two modes are mixed. For larger D/ B3/2 (upper right or lower
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Figure 5.3: The behavior of the real part (filled circles) and the imaginary
part (open circles) of w/v/B as a function of k; /v/B. In the upper left panel,
the system preserves the chiral symmetry and there is no gapless mode. The
fluctuations for the scalar field and the vector field (gauge field) are decoupled
from each other. In the other panels, the system spontaneously breaks the
symmetry and the gapless mode arises.
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left), one can see that there are two types of the modes in the small momentum.
One of the modes shows zero frequency when the momentum becomes zero, say
gapless mode. Another one has finite imaginary part of the frequency at k; =0,
say gapped mode. As can be seen from Fig.[5.3] the gapless mode behaves as
the diffusive mode near zero momentum:w = —iD | k2 (D, is a real positive
constant). This diffusive behavior of the NG mode in the dissipative system is
consistent with that studied in [36} [37]. At specific momentum, these two purely
imaginary modes are located at a same point on the imaginary axis of w, then the
real parts are growing. In other words, the hydrodynamic diffusive behavior is
changed into the reactive regime. These modes are symmetric under the flipping
sign of the real part of the frequencies. Such a behavior of the dispersion relation
is called as k-gap [38], because there is a gap opening in spatial momentum.
k-gap is often observed in dissipative quantum systems. As we increase k / VB,
the two modes are changed into two purely imaginary modes, again. This long
wave-length behavior is similar to the Mott-Ioffe-Regel limit in a crystal, but
our system is homogeneous. It is expected that the finite density configuration
gives a similar effect in present case.

We found the dispersion relation of the NG mode which agrees with the
result in the effective field theory. The QNM analysis allows us to analyze the
degrees of freedom in the low-energy physics such as the NG mode.



Chapter 6

Summary

In this thesis, we analyzed the lifetime of the bound states by using AdS/CFT
correspondence to reveal the mechanism of NDC. We found that the lifetime of
the bound states becomes longer as the electric field increases when the system
shows NDC. We also found that the charge carriers in our system is mainly
produced by the ionization process of the bound states in the parameter region
where NDC is realized. These observations lead us to the conclusion that the
origin of the NDC in the present system is suppression of the ionization of the
bound states which provides the charge carriers, by the increase of the electric
field.

We would also like to make a comment on possible connection to experiments.
The bound states in the present system correspond to the excitons in the electron-
hole systems in the context of solid state physics. It is interesting to see the
electric-field dependence of the lifetime of the excitons in the materials which
show NDC, experimentally. The lifetime of excitons can be experimentally
detected by observing the optical conductivity (AC conductivity). We have
presented a short review on the relationship between the lifetime of the bound
states and the optical conductivity in Section [f.2.3] Another interesting topic
is exciton Bose-Einstein condensation. It has been discussed that excitons may
from the exciton Bose-Einstein condensation at low temperatures [39]. It is
worthwhile studying how the exciton Bose-Einstein condensation affects the
non-linear conductivity of the materials.

We also provided two other applications of the analysis of QNMs. The
analysis allows us to compute various properties of the two-point functions in
the dual theory, especially the location of the pole. QNMs in the gravity theory
gives us important information on the dual field theory which we cannot analyze
easily in the conventional method.
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Appendix A

Equations of motion and

open string metric on
D7-brane

In this appendix, we review the basics of the worldvolume theory of D-branes,
especially on the derivation of the equation of motion from the DBI action and
on the open string metric. The open string metric play a role of an effective
metric for the fields on the D-brane. We show the components of the open string
metric for our setup, explicitly.

A.1 Equations of motion

We derive the general expression of the equations of motion for the scalar fields
and the vector fields on the Dp-brane. The DBI part of the Dp-brane’s action is
written as

SDP = —@ /dp+1€e_¢ - det(gab + Fab)? (Al)

where
Jab :gMNB,LXMa,,XN (A.2a)
Fop =80 Ay — Oy Au. (A.2b)

The variation of the action with respect to X™ and A, is given by

1 .
6SDp = 5;—;0 / dp+1§€7¢ —det Gab (G(ab)5gba + G[ab](SFba) . (A?))
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where Gap = gap + Fap and G is its inverse matrix. By omitting the surface
terms, we obtain

6Sp, = ;l drtie l(@ae_d’\/— det GG gryn O XN

| ab) 09PQ o P M
3¢V det GG S5 0, X7 9, X9 )X

+ (abe—¢ —det GGl ) 5A,

By using , we obtain the equations of motion: (A4
&Ie*‘b\/mW“bgMN&bXN

+%e‘¢\/mV”bg§fﬁa XP9,X? =0, (A50)

e~ /= det Gupg* Fear™ = 0, (A.5b)

where 7% = G(®) is the inverse matrix of the open string metric. So far, we have
omitted the WZ term. When WZ term contributes, we must add its contribution

to .

A.2 Open string metric

The inverse matrix of G can be written as

(o)
G l=I+g¢'F)” => (—g 'F)fg". (A.6)
k=0
The symmetric part of G™! is written as
G~ + —, _ _ _
E A ) SN g = (g - Fg ) (A7)
k=0

The anti-symmetric part is given by
il G _Q(Gil)T =— 53(9’11’)2’““9*1 =g 'Flg—Fg'F)"". (A8
k=0
So we have the relationship:
Glotl = gocp,Glb), (A.9)
The open string metric is defined by

Yab = Gab — Facg™ Fap. (A.10)
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The inverse of the open string metric agree with (A.7)).
Let us write the components of the open string metric, explicitly. In Section
we employed the ansatz for the background vector fields as

A,de® = (—Et + ay(2))da'. (A.11)

Then, the open string metric is written as

2 A’
o . e :
—% +t 0wt 5= 0 0 0
Yab = Gz 0 0
A.12
Jza 0 . ( )
G2z + g.;

@ diag (0082 0, cos? 0, cos? 0)

Here, we made abbreviation without displaying the lower-left components, since
they are the same as the upper-right components. The components of the inverse
metric is given by

_gztm(A/12+g$mgzz) _ EA,lgfw
6 . 0 0 0 A=)
9tt|9z.922
" TRG 0 0 0
Y = a0 0
L 0 (A.13)
Gz 2
_ 9z h(z)
R(z)
@ dia ! 1 !
i
8\ Cos?0’ cos2 6 cos26 )’
where h(z) is defined in (3.40) and R(2) is given by
—det Gab + Fab
R(z) = —0MW t Fub) _ oo (10,1402 — guh(2). (ALY)

cos® 6(2)

Again, we made abbreviated in (A.13]).



Appendix B

Real part of the
quasinormal frequencies

In this appendix, we show the real part of the quasinormal frequencies as a
function of the constant electric field in the setup of Section [4.1

; . T = 0.34364
18 .7 T = 0.33898
’ T = 0.34385

0.00 0.05 0.10 0.15 0.20

Figure B.1: The real part of the (quasi)normal frequencies of the lowest modes
as a function of E at various temperatures. The border between the insulator
phase (Minkowski embedding) and the conductor phase (black hole embedding)
is the point where the curve touches the dotted line. On the dotted line, wg of
the lowest QNM agrees with the normal frequency of the lowest normal mode.

Figureshows the relation between the real part of the lowest (quasi)normal

frequencies as a function of the constant electric field. In this figure, we showed
both of the results in the conductor phase and the insulator phase. The border
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between the insulator phase and the conductor phase is the point where each
curves touches the dotted line and the data are divided into two branches there.
At T = 0.33898 and T = 0.34364, the data from E = 0 to the point on the dotted
line correspond to the insulator phase. Another part of each curve corresponds
to the conductor phase. The curves are smoothly connected except the border
of the phases. At T' = 0.34385, there are two branches which extend from E =0
to the point on the dotted line. In this case, the upper branch corresponds to
the insulator phase. The lower branch and the anothe branch from F = 0 are
correspond to the conductor phase.

In the insulator phase, the normal mode has real valued frequency and wy = 0.
The bound state is not melting. For large enough FE, the insulation is broken.
Then, the imaginary part of the quasinormal frequency becomes to be non-zero
as shown in Fig.[4.9] Unlike Fig.[4.7] wgr converges at the border of both phases
in this configuration.
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