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Correlation function of flavored fermion in holographic QCD
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By using the gauge-gravity duality, we investigate the correlation function of flavored fermion in the
D,/D,_4 model as top-down approaches of holographic QCD for p = 4, 3. The bulk spinor, as the source
of the flavored fermion in QCD, is identified to the worldvolume fermion on the flavor D er4—branes and the
standard form of its action can be therefore obtained by the T-duality rules in string theory. Keeping this in
hand, we afterwards generalize the prescription for two-point correlation function in the AdS/CFT
dictionary into general D-brane backgrounds and apply it to the case of p =4,3, i.e., the D4/D8
and D3 /D7 approaches, respectively. Resultantly, our numerical calculation with the bubble background
always displays discrete peaks in the correlation functions which imply the bound states created by the
flavored fermions as the confinement in QCD. With the black brane background, the on-shell condition
illustrated by the correlation function covers basically the dispersion curves of fermion obtained by the hard
thermal loop approximation in the hot medium. Finally, we interpret the flavored fermions in the bubble
background as baryons by taking into account a baryon vertex, then find the two-point correlation function
is able to fit the lowest baryon spectrum. In this sense, we conclude remarkably that our top-down approach
in this work could reveal the fundamental properties of QCD both in the confined and deconfined phases.

DOI: 10.1103/PhysRevD.109.086020

I. INTRODUCTION

The gauge-gravity duality and AdS/CFT correspon-
dence have become very powerful tools for investigating
strongly coupled quantum field theory (QFT) by analyzing
the corresponding classical gravity system [1-3] in holo-
graphy. Particularly, the real-time two-point correlation
functions of (composite) operators are significant to under-
stand the QFT at finite temperature or with dense matter
since the information about the collective behavior, e.g., the
properties of transport, existence of (quasi-) particles, are
encoded in them. The prescription to compute the two-
point retarded Green functions in AdS/CFT has been
justified in many different ways, e.g., in literature [4—15],
which have instrumentally extracted many important
insights about strongly coupled QFT systems from
AdS/CFT. On the other hand, quantum chromodynamics
(QCD) is the underlying theory to describe the property of
strong interaction, however it is extremely complex to solve
in the low-energy (strongly coupled) region due to its
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asymptotic freedom, especially at finite temperature with
dense matter [15,16]. Therefore investigating QCD through
gauge-gravity duality naturally becomes an interesting
topic. Although there are several bottom-up models,
e.g., [17-19] attempting to give a holographic version of
QCD, the top-down approaches based on D4/D8 (the
Witten-Sakai-Sugimoto model [20-22]) and D3/D7 [14]
models are the most famous and successful achievements in
holography since almost all the elementary features of QCD
are included in these models in a very simple way [23-25].

Moreover, it is known that the self-energy of fermion has
been studied with a very long history and attracted many
interests since fermion is one of the fundamental elements
in QFT as well as in nuclear physics. For example, in a
weakly coupled system, the self-energy of fermion can be
analyzed by the perturbation method of QFT or be charac-
terized by the thermal mass in the hot medium [26,27]
while the results may not hold in the strong coupling
regime [28,29]. Hence there are many researches about
fermionic correlations in order to investigate the properties
of the strongly coupled fermionic system [11,12,30-33] in
holography. As we can see, the presented works about
holographic fermion are based on bottom-up approaches or
with minimal coupled fermions, and the bulk fermionic
field is identified to the fundamental representation of a
U(N) group when the chemical potential is taken into
account especially. However, such a fermionic field in bulk
is less clear in the top-down models, e.g., D4/D8 and
D3/D7 approaches.
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Motivated by this issue, in this work we attempt to find a
holographic correspondence to evaluate the two-point
correlation function of the flavored fermion in D,/D, .4
model (for p = 4, 3, i.e., the D4/D8 and D3 /D7 approach)
as two top-down approaches to holographic QCD.
Specifically, the D,/D,,.4 model holographically dual to
QCD consists of N. D,-branes as colors and N, probe
D, ;4-branes as flavors which are intersected to each other.
In the large N, limit, the dynamics of the bulk geometry
is described approximately by the type II supergravity.
Due to the supersymmetry on the N, probe D, 4-branes,
we identify the bulk spinor (as the source of the flavored
fermion) to the worldvolume fermionic field on the probe
D, ;4-branes and this may be the only consistent corre-
spondence by analyzing the bulk spectrum in this
holographic system. In this sense, the action of the bulk
fermion can be obtained by the T-duality rules in string
theory [34,35] and it reveals the bulk fermion is not
minimally coupled. Keeping this in hand, we further
generalize the prescription for two-point correlation func-
tion in AdS/CFT dictionary into general D-brane back-
grounds with respect to the flavored fermion in the dual
theory. Afterwards, we apply our method to the D4 /D8 and
D3/D7 models as tests in order to evaluate the two-point
retarded Green functions variously.

Our numerical calculation displays that the retarded
Green functions behave similarly in the D4/D8 and
D3/D7 approaches. That is, with bubble background, the
Green functions always contain many discrete peaks
representing various bound states in QCD and it is con-
sistent with the QCD confinement since the bubble
background corresponds to the confined phase of QCD
in holography [14,20,21,23,25,36,37]. Remarkably, the
bound energies obtained in the Green function also agree
with the numerical evaluation in [36] for p = 4 quantita-
tively. With the black brane background, the particle on-
shell condition obtained from the Green functions covers
the dispersion curves obtained from the hard thermal loop
approximation and the effective thermal mass of fermion
can be also determined numerically while the chemical
potential is not turned on in our current work. We notice the
behaviors of confined Green functions in our top-down
approaches are very different from those in the bottom-up
approaches or with minimal coupled fermion [30-33],
while the deconfined Green functions (obtained from the
black brane background) behave similarly. Thus it illus-
trates seemingly that the property of QCD confinement is
less clear in the previous works with bottom-up models or
with minimally coupled fermion, e.g., [30-33]. Finally,
we discuss how to interpret the fermionic bound states in
the confined phase as baryon states by including a baryonic
brane as baryon vertex [38] with the framework of
D,/D, 4 model which may support that the open strings
on the D-brane behave somehow as baryons [39,40].

The outline of this manuscript is as follows. In Sec. II, we
review the D, /D,, 4, model as holographic QCD briefly for
the case of p = 4, 3. In Sec. III, we discuss how to identify
the bulk spinor, its associated action, and the holographic
prescription to compute the two-point correlation function
in D-brane background. In Secs. 4 and 5, we apply our
method to D4/D8 and D3 /D7 models respectively in order
to evaluate the retarded Green functions for flavored
fermions then analyze the numerical results. Summary
and discussion are given in Sec. VL.

II. THE D, /D, .4 MODEL AS HOLOGRAPHIC QCD

In this section, let us review the holographic QCD
through gauge-gravity duality based on the type II string
theories. In order to obtain a dual field theory close to QCD,
we start with the D-brane system consisting of N coinci-
dent D ,-branes and N coincident D, 4-branes.

Taking the near-horizon limit @ — 0 and the large N,
limit by keeping N finite, the bulk dynamic is described
approximately by the type II supergravity (SUGRA) for N,.
coincident D ,-branes whose action takes the following
form as [37,41],

2
d'°xy/=g {e-2¢<R+4aM¢aM¢>—%|Fp+2|2 ,

(2.1)

1
Sy=—s
11 2’(_%0

where R, ¢, C,; is respectively the 10-dimensional (10d)
scalar curvature, the dilaton and the Ramond-Ramond
(R-R) p + l-form field with its strength F, , =dC, ;.
The constant kj is the gravity coupling constant related
to the 10d Newtonian constant Gy as 2x3, = 162G, =
(27)718g> where the string coupling constant and string
length is denoted by g, /. Since we will discuss the D3 /D7
and D4 /D8 approaches based on IIB and ITA string theory
respectively, the cases for p = 3,4 are only considered
here. Vary the action (2.1) with respect to the metric, the
dilaton, and the R-R field, then the associated equations of
motion can be obtained accordingly and they can be solved
in general as the black brane solution [41],

i o a[ar
ds® = Hyf (r)de® + d - d¥) + H}, {?rr) + rzdﬁg_,,} :
_p3
e’ =H,", Co..,=g"H;"
(7=p)g:'hy "
Fror.p= S HD (2.2)

where the functions f(r), H,(r) are given respectively as,

T-p T-p
f=1-2  H,()=1+2_. (23
’,.7—]7 ’ p r7—p
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Here r is the radial coordinate of the bulk which corre-
sponds usually to the holographic direction. ry, r, are two
constants related respectively to the position of the horizon
and the R-R charge carried by the D p—branes.1 ‘We note that
in the near-horizon limit, the harmonic function H,(r)
becomes H ,(r) — r, " /r77P.

The dual field theory associated with the bulk geo-
metry (2.2) in the large N, limit can be examined by taking
into account a probe D ,-brane located at the holographic
boundary r — co. And as it is known, the resultantly dual
field theory is respectively the N/ =4 super Yang-Mills
(YM) theory [14] for p = 3 and the type N' = (2,0) super
conformal field theory (SCFT) reduced on a circle [20,37]
for p = 4, however both of them are less close to QCD due
to the presence of supersymmetry. Thus Witten proposed
a scheme [20] to construct the bulk geometry presented
in (2.2) in order to obtain a dual field theory close to QCD
with confinement. Specifically, the first step is to perform
the double Wick rotation {x" — —ix”, x” — —ix°} on the
D,,-brane where x = t,xP refer to the time and the pth
spacial direction of the D,-brane. So the geometry (2.2)
becomes a bubble configuration as

ds? = Hy'[n,dx'dx” + f(r)(dx)?)

[ dr?
+H [f—r + rdQg ]

("
rP rP
_ ¢ _Tkk _ P
f(r)= T H,(r) = 1—|—r7_p,

u,v=0,1...p-1, (2.4)
which is defined only for r € [rgg, 00). We have replaced
ry with rgg in (2.4) because there is not a horizon in the
bubble configuration. Notice that in the black brane
solution (2.2), x° = ¢ is compactified on a circle which
implies in the bubble case x” becomes now periodic as

2w

oxP = s
Mgk

xP ~ xP + 8xP,

(2.5)

where M g is the Klein-Kaluza (KK) energy scale. So the
second step to finding a QCD-like theory is to get rid of all
massless field other than the gauge fields by imposing the
periodic and antiperiodic boundary condition to bosons
and supersymmetric fermions respectively along the peri-
odic direction x”. Therefore the supersymmetric fermion
acquires mass of order M gx which would be decoupled to
the low-energy theory, while the gauge boson remains to
be massless. Accordingly, the dual field theory on the
D, -brane is p-dimensional pure U(N,) Yang-Mills theory

'In our solution, the constant h, is defined as (hyP)? =
7- T-p 71—
(rp p)2+rp Pri "

TABLE L. The D-brane configuration of the D,/D, 4 system
for p =3, 4. “-” represents that the D-branes extend along this
direction and x? is the periodic direction.

x17+1(r) )611-%—27 ”.x17+5

XH xP xPTo X0

in the large N, limit below the energy scale M. We note
that the wrap factor H ,(r) in (2.4) never goes to zero, hence
the behavior of the Wilson loop in this geometry obeys the
area law which implies the dual field theory will exhibit
confinement. Altogether, these D ,-branes compactified on
a circle correspond holographically to the color sector of
QCD and its number N, is identified to the color number.
The U(N,.) gauge field on the D ,-branes is therefore
identified as the gluon field and in the large N, limit,
the bulk geometry is described by (2.4) with confinement.
To further obtain a deconfined phase of QCD at finite
temperature,2 we can compactify the pth direction in the
black brane solution (2.2) as (2.5) then follow the same
discussion as it is in the confined geometry to construct the
dual theory [14,20,37]. Afterwards the dual theory could be
identified as deconfined QCD at finite temperature since
there is a horizon in (2.2) introducing the Hawking
temperature in the dual theory.

As QCD also includes fermions as flavors, the existing
N coincident D, 4-branes in this holographic model can
just play the role of flavor. The D-brane configuration of the
D,/D, 4 system is given in Table I for the D3/D7 and
D4/D8 approaches in this manuscript. Since N is set to be
finite, the D, 4-branes become the probes embedded into
(2.2) or (2.4) and N, — oo implies D ,-brane dominates the
bulk geometry. By analyzing the spectrum of the open
string connecting the N. D ,-branes and Ny D, 4-branes in
R-sector, the low-energy theory includes fermions in the
fundamental representation of U(N.) and U(N,) which
can be identified nicely as the fundamental quarks in this
model [14,21,22]. In this sense, the dual theory contains
both colors and flavors, thus it is expected to be the
holographic version of QCD.

III. THE HOLOGRAPHIC CORRESPONDENCE
WITH FLAVORED FERMION

As our goal is to work out the two-point correlation
function of the flavored fermions through gauge-gravity

“Identifying the black brane solution (2.2) to the deconfined
phase of QCD may contain some issues [42,43]. Nonetheless we
will continue our discussion by this identification as most works
with the D, /D, 4 system. The reason is that the black brane
solution corresponds to the dual theory at finite temperature
which may include some properties of hot QCD, close to the
deconfinement in QCD.
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duality, in this section, let us attempt to find the associated
holographic correspondence in the top-down approach
first, then discuss how to generalize the prescription in
the AdS/CFT dictionary into a nonconformal background
to compute the Green function.

A. Identification of the bulk spinor

To begin with, let us recall the principle of the AdS/CFT
which means in general the partition function of the dual
field theory Zgcp is equal to its gravitational partition
function Z,,,j, in the bulk. Since the dual theory living in
the boundary oM of (2.2) or (2.4) would be expected to be
QCD as itis reviewed in Sec. I, we use Zgcp, here to refer to
its partition function. For a spinor y in the bulk M whose
boundary value is yy = lim,_  , we can write down

ZaocnlWo, wol = Zaraviey W, ], (3.1)
with
Zoco [P wol = <exp {/ (rwo + ’/70){)de}>,
Zgravny [l//: ] = eXp {/ £rgerrivny v, l//]dDJrlX}. (32)

And L1

gravity
of the bulk field y. In our concern, y refers to the flavored
fermion in the dual field theory (QCD). Then the two-point
retarded Green function G for the spinor y can be
evaluated by following [10,13,14] as

refers to the classical renormalized Lagrangian

(t(, %)) = Gr(e, o (@, k), (3.3)
and
- oSren -
(@, k) = L‘y = Ip(w, k),
Srgi'];vny / ‘Cgravny Yo, I//O]dDJrl'x' (34)

Here a),lz refers respectively to the frequency and
3-momentum of the associated Fourier modes. We note
that the relation of the Euclidean Green function G and the
real-time Green function Gy is given by GE(wE,§) =
G, I;) with oy = —iw.

The next step is to identify the bulk spinor field y in order
to investigate its action Sy [w] in holography. We notice
that, in several bottom-up or phenomenological holographic
approaches, e.g., [12,30-33], the bulk field y is usually
identified to a fundamental fermion of the U(N) group
whose action is the minimally coupled Dirac action. How-
ever such a bulk field y is less clear in the D, /D, 4-brane
system with a bosonic background (2.2) or (2.4) since in
general, the bulk modes created by the strings in the

type II string theory do not include a U(N) fundamental
fermion. To figure out this problem, it is worth retaking into
account the interaction of the open strings in the D,,/D,, . 4-
brane system according to the string theory. For example, it
is known that the AdS/CFT dictionary for the approach of
vector with a source current

<exp {/aM J”Af,o)dDX}> = exp {—Spux[4,]},

A = limA,

r—00

(3.5)

illustrates that the correlator of the flavored current operator
J# living on a probe D,-brane at the boundary could be
evaluated by varying the action of the worldvolume vector
A, onthe D, 4-branes as the bulk action Sy, [A,] [5,10,14],
since the D, 4-branes as flavors extend along the holo-
graphically radial direction of the bulk according to Table I.
In this sense, the source term J”Af,0> presented in (3.5)
implies the interaction of the (p,p) and (p+4,p+4)
strings.3

Keeping the above in mind and turning to our case, once
the spinor y in (3.1) and (3.2) is identified to the flavored
fermion living on the D ,-brane at boundary, we must find
its fermionic dual field yw by analyzing the low-energy
spectrum of type II string theories. Among the fields in the
massless spectrum of the D,/D,,, model, the only
possible choice for y should be the fermionic field on
the D, +4—branes.4 In this sense the source term jyyy + woy
presented in (3.2) corresponds to the interaction of
(p,p+4)and (p +4, p+4) strings at boundary, which
reveals the interaction to boundary theory involving the
fermionic part to A, presented in (3.5), as it is displayed in
Fig. 1. We note that, in the D-brane setup given in Table I
on the bubble background (2.4), the (p + 4, p + 4) string
remains to be supersymmetric [37,40,44] since there is not
any mechanism to break down the supersymmetry on the
D, 4-branes in principle while the D ,-brane is not super-
symmetric due to the boundary condition on its compacti-
fied direction. Therefore the fermionic field y in the
worldvolume of D, 4-branes must exist in the low-energy
theory, and in our D,/D, 4 model, it is seemingly the
suitable candidate uniquely as the source of the flavored
fermion y living in the boundary which may also be the
only consistent interpretation in this system. However in
the black brane solution (2.2), the worldvolume fermion on
the D, 4-branes may acquire thermal mass due to the
contribution from loop diagrams. This means the super-
symmetry may break down so that the supersymmetric

*Here we use (p. q) to refer to an open string connecting D ,-
and D,-branes.

Slnce we are working in the bosonic background given
in (2.2) or (2.4), the fermions in the sector of close string can
be neglected.
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N; D, 4-branes

7

-
?«-; bulk field y

flavored fermion y

~

r— o0 —

N, D,-branes

FIG. 1. The correspondence of the bulk field y and boundary
operator y in the D, /D, 4 system. Here r refers to the radial
direction as the holographic direction. y is a hadronic field as a
gauge-invariant operator produced by multiple fundamental
quark fields, or equivalently by multiple (p, p + 4) strings.

fermion could decouple to the low-energy theory. None-
theless, it would be interesting to investigate the fermionic
correlation in the black brane background (as the decon-
fined phase of QCD) as a comparison to several bottom-up
approaches with deconfined fermions [30-33]. Therefore
we will identify the bulk field y to the supersymmetric
fermion on worldvolume of the D, 4-brane in order to
continue our discussion.

In addition, we also need an interpretation of the dual
operator y in terms of hadron physics because it is
presented in the dual theory which is very close to QCD in
holography. As the bulk field y and its dual operator y are
usually gauge-invariant operators and share same quantum
numbers in gauge-gravity duality or AdS/CFT [14,37,41],
it implies y must be a color singlet in the language of
QCD. On the other hand, the bulk field y is in the adjoint
representation of the flavor group (just as its bosonic
superpartner), which means dual operator y is also the
adjoint representation of the flavor group thus it must be a
fermionic hadronic field. Mathematically, y is not the
fundamental representation of the color group; instead it

|

D(l = v(1+

1 e 171
b Los(L
g a7 Fge (2

must be the singlet irreducible representation obtained by
decomposing the tensor product of the fundamental rep-
resentation of the color group. So y could be a mesino (the
supersymmetric fermionic meson) [36,39,40] or baryon
produced by multiple fundamental quark fields, or equiv-
alently by multiple (p, p + 4) strings. This would be clear
by recalling the construction of the hadronic state in
QCD with SU(3) color group. For example, the two-quark
color singlet can be obtained by decomposing the tensor
product of irreducible representation of SU(3) in QCD as
33 =861, where 1 refers to the two-quark color
singlet, i.e., meson. Similarly, for the three-quark color
singlet, we have 3 ® 33 =10 8 P 8 d 1 where 1
refers to the three-quark color singlet, i.e., baryon. There-
fore y refers to such a color singlet as a hadronic operator in
our holographic approach with the D, /D, ;4 model. How-
ever, interpreting y as mesino is less close to the realistic
hadron physics since mesino is always absent in QCD, thus
we attempt to interpret y as baryon by taking into account a
baryon vertex in this work and we will discuss it in details
in the end of this paper.

B. Action for the bulk spinor

In the last section, since the bulk field dual to the
flavored fermion is identified to the worldvolume fermion
on the N coincident D, 4-branes, let us take a look at the
action for such a fermionic field on the worldvolume of the
D-brane.

As it is known that the action for the worldvolume fields
on a D-brane is in principle obtained under the rule of
T-duality [37,41] in string theory which includes a bosonic
part consisting of the Dirac-Born-Infeld (DBI) term plus
the Wess-Zumino (WZ) term, and a fermionic part. Since
our concern is the worldvolume fermion on the D-brane, let
us focus the fermionic part of the D ,-brane action which on
the bosonic background is given by [34,35],

?” = /dp“xe ?/=(g+ F)¥( (1-Tp,)
X (er(, —A+Lp )Y, (3.6)

where, for the type IIA string theory (p is even number),

1
F el VKT, 7 + a1 F KLNPFKLNPF(1> )

1 1 3 1
A :E (FM6M¢+2 3'HMNKFMNK ) +8e¢ (Z'FMNFMN7+4|FKLNPFKLNP>,
%1 an/}] ﬁp —2¢+1 _p=2g42
e \/W > a21(p = 2g + 117 @ L aad b sy ¥
ea]~~'a2qﬁ]'“ﬁp—2q+l (_37)5—q+1 a
LD,, = ;q'2q(p _ Zq + ])‘ _(g+ J,:.) {Il(lz‘"f(lzq_|(lzqu}]...ﬁp_2q+| D/19 (37)
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for the type IIB string theory (p is odd number),

. 1

Dy =V, +——
a=Vat

1

2

anﬁl ﬁ]}—"q+]

I'p, =

(=ic,)(7)F
—(g+F)

eal .- 'a2qﬂl . ~ﬁp—2q+l

q2(p—2q+1)!

Lo, =2
q

Since the two-point Green function in holography is our
concern, only the quadratic term in fermionic action is
given in (3.6). Then let us clarify the notation presented
in (3.6)—(3.8). T, refers to the tension of a D ,-brane given
as T, = g;7'(27)F 177" The indices denoted by capital
letters K, L, M, N... run over the 10d spacetime and indices
denoted by lowercase letters a, b, ... run over the tangent
space of the 10d spacetime. We use Greek alphabet a, f, 4
to denote the indices running over the worldvolume of the
D,-brane. The metric is written in terms of elfbein as
gun = €nape, so the gamma matrices are defined by

{rioPy =2, ATV} =24V, (3.9)
with e4,T™ = y%. @,,, refers to the spin connection and
V= 0y + 5 @gupy is the covariant derivative for fermion.
The gamma matrix with multiple indices is defined as the
alternate commutators or anticommutators, e.g.,

1 1
r =gl =S
1
7/ahcd — 5 []/ }/bﬁd] (310)
["MNK.. shares the same definition as y??¢ - . 7 is defined as
7 =y and o, refers to the associated Pauli matrix. The

worldvolume field F is given as F = B + (2zd’)f where
B is the NS-NS 2-form in type II string theory with H = dB
and f is the Yang-Mills field strength. F;, Fyn, Fxry---
refer to the associated field strength of the massless R-R
fields presented in IIA and IIB string theory. We note that,
in our D,,/D,,,4 approach, p should be replaced by p + 4
in the above formulas since the worldvolume fermion on
the probe D, 4-brane is our concern.

C. The prescription for two-point correlation function

In this section, let us attempt to generalize the prescrip-
tion in the AdS/CFT dictionary for two-point correlation
function into the background presented in (2.2) and (2.4).

1 1
HaNKFN ]/ - g ed) <FNFNFay + = F[(LNFKLNF +—

F

f(l(l"
’ \/WZ 29(p—-2q+ 1)1 "

e

31 7.5 F KLMNPFKLMNPFaJ’>

1 1 1
A (FM0M¢ + 2 3' HMNKFMNK ) + 2 €¢ (FMFM}/ + 2 3 FKLNFKLN> s

r _p=2g+1
2
X124 P '~~/3p—2:1+1 ]/ ’

(3.8)

P
a2q—la2qrﬂ1"-ﬂp—2q+l D;.

[
We first summarize the steps as follows then give some
comments.

(1) Since one dimension of the D ,-brane is compacti-
fied on a circle, the dual theory is effectively p
dimensional below the energy scale provided by the
circle size. So we need to simplify the T-dualitized
action (3.6) with respect to the background fields
given in (2.2) and 2.4y by integrating out the
dependence on S$87 in order to obtain an effective
p + 1 dimensional bulk action involving the bulk
spinor y(x, r) as

Spy1 x i/dedrz/'/y’arl//—l—
/ d°x(rw)li=e,.,

—i/dedrd,Wy’l//+ (3.11)

(2) Derive the equation of motion for y(x, r) by varying
the p + 1 dimensional action obtained in Step 1,
then solve it by using the Fourier mode as the ansatz
for the w(x, r) as,

w(x,r) = e*plw,k,r), k,=(-w.k). (3.12)

(3) Impose the solution for y(x, r) obtained in Step 2
into the p 4 1 dimensional action obtained in Step 1,
so the p 4+ 1 dimensional fermionic action becomes
on-shell S¢! +1. then define the boundary value of y
as y,, hence the two-point correlation function is
obtained as

>When we recall the background (2.2) or (2.4), it means we
will use their near-horizon version for holography.
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G = = oLy 7.0
R — ngvity 51170 51/’0 gravity (V> W] |0 pr0=0
5 5
=~ Spg vl 3.13
8o Oy p+1[W l/’] ( )
leading to
My = G- (3.14)

where I, is defined in (3.4). Accordingly, one can obtain the
correlation function by solving y and Il in gravity side.
The above steps are based on the prescription in the
AdS/CFT dictionary for two-point correlation function
[10,14,37]. Note that the last term in (3.11) would vanish
once the classical solution (3.12) is imposed since (as we
will see) this term is nothing but the Dirac equation.
Accordingly, in the actual calculation, we will introduce
a ratio function defined as

I = &y, (3.15)
where
4 cl ST
H:_ESpH:_”/’y’ (3.16)

so that the boundary value of ¢ is the correlation function.
Therefore, our goal is to derive and solve the equations
for £ with the in-falling boundary conditions usually used
in AdS/CFT.

Besides, in the AdS/CFT correspondence, the on-shell
action (3.11) would always include a finite part due to the
isometry of AdS or equivalently the conformal symmetry in
the dual theory [14]. Hence the holographic renormaliza-
tion could work consistently to remove the divergence
presented in action (3.11). However, in a general back-
ground, the on-shell action (3.11) might not include any
finite parts which could lead to a nonrenormalizable dual
theory. Nevertheless, it is possible to define a finite Green
function consistently by rescaling the boundary value v,
with respect to y which, as we will see, is equivalent to
exact the finite part of £ given in (3.15). Therefore in the
following sections, we will test our prescription in the top-
down D4/D8 and D3/D7 approaches by holography.

IV. APPROACH TO THE D4/D8 MODEL

In this section, let us apply our prescription to the D4/D8
model (Witten-Salai-Sugimoto model) to compute the two-
point Green function. We will first introduce the D4/D8
model briefly, then test our prescription and analyze the
results numerically in the 14 3 dimensional QCD. In
Sec. IVA, we perform Step 1 in the prescription which is
to obtain a 5d effective bulk action for fermion with respect
to the bubble and black D4 background. In Sec. IV B,

we follow Step 2 and Step 3, that is to solve the associated
equations of motion for the bulk field, define its boundary
value then derive its on-shell action to evaluate the
correlation function.

A. The 5d action for the bulk spinor

The D4/D8 model is based on type IIA string theory and
it corresponds to the case of p =4 as it is discussed in
Sec. II. For the readers’ convenience, let us give its
supergravity solution which is to set p =4 in the back-
ground geometry (2.4) for the confined phase as [21]

#\ 3/2
ds? = <—> [dxtdx’ + f(r)(dx*)?]

R
R 3/2[dr2 }
+ (= ——+ r}dQ3|,
()" [
4 r 3/4 -
e’ = E s F‘4ICZ’C'3:3RQY €4,
kK
f(r)z —7, ﬂ,UIO,...3 (41)

Here R relates to the radius of the spacetime, ¢, is the
volume form of a unit S*, and we have taken the near-
horizon limit. In the language of QCD, the parameters
presented in (4.1) can be expressed as

1 GNE

R =

2
s 'k = gg%{MNcMKKI%’

(Y

5= ZMKKIS ’

(4.2)

where gy refers to the Yang-Mills coupling constant in the
dual theory. For the deconfined phase, the bulk geometry in
the near-horizon limit is obtained from (2.2) with p = 4 as

, #\ 3/2 o
ds’ = (E) [—fr(r)di* + &;;dx'dx) + (dx*)?]
R\3/2[ dr?
+(7) " [ et

r 3/4
6{/) = <E> s F4 = dC3 = 3R3g;1€4,

3

fT(r)zl—r—gf, ij=1,2.3. (4.3)

As it is discussed in Sec. II, the bulk spinor is identified
to the fermionic field on the worldvolume of the probe
D8-branes; we need the induced metric on the worldvolume
of the D8-branes which according to Table I is given as
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r\3/2 R\3/2[ dr?
dszD&C = <E> M, dX* dx¥ + (7) —(r) + r%iQﬁ},

R
R\3/2[ dr?
HONEENE

for the confined and deconfined phases respectively.
Considering the simplest configuration to reveal the chi-
rality in the dual theory, we note that the D8- and anti-D8§-
branes are embedded at the antipodal position of x*, i.e.,
x* = const in the bubble D4-brane background (2.4). For
the black brane background (2.2), the D8- and anti-D8-
branes are embedded parallel which also implies x* =
const as it is illustrated in Fig. 2. Then the action for the
worldvolume fermion on D§-branes can be collected from
(3.6) and (3.7) as

5 r\ 3/2 ) o
dspg g = (%) [=fr(r)de® + 6;dxdx/]

(4.4)

ps 1% _ - a 1
Sf —7/619)(6 ¢ /—g¥P_|T’ va'f'm
1
X €¢FKLNP(FQFKLNPFG - FKLNP) - EFM0M¢:| v,

(4.5)

Since our concern is the fermionic part, we have turned off
the irrelative bosonic fields by setting 7 = 0. Imposing the
solution for the dilaton ¢ and the R-R form F, presented
in (4.1) or (4.3), the action (4.5), after some algebraic
calculations, can be simplified in the confined back-
ground as

(a) (b)

FIG. 2. The configuration of the D4/D8 model in the bubble
(confined) background (a) and black brane (deconfined) back-
ground (b) on r — x* plane. Red line refers to the D8-branes (D8)
and anti-D8-branes (DS).

s ___iTe

- 2 7 4
=5 | d*xdZdQ,¥YP_( = MyxKiy"V5,
fe (27:(1’)294/ * N <3 KKBEY

13
+ K5p#9, + My Ky? o, + - MKKZKW) v,

(4.6)
with
K(Z)=1+22,
1 72\ 13/2
1
In the deconfined background, the action (4.5) becomes
iT,

sos = Ta
Jd (271'0/)2524

+ K3/12)00 + ZK=/12yl0; + 22TZK"/1?y% 0,

_ T4
/ d*xdZdQ,PP_ [g xTZK'12ymvs!

13
+ T (F Z2K=12 + K7 12) yz] P, (4.8)
where
1 /2\ 13/2
Td = 5 (g) T894(27[(1/)2(2ﬂ'TR>”/2R5,
16
ry = 6712R3T2, T =p". (4.9)

Here T', g, refers to the Hawking temperature and the period
of the time direction in (2.2). We have used ¥ to denote the
worldvolume fermion whose boundary value relates to yr,.
The index m runs over $* and the unit volume of $* is given
as Q, = 87%/3. We recall that in the D4/D8 model, the
flavor branes are introduced as N pairs of probe D8- and
anti-D8-branes located at the antipodal points of x*. Hence
the Cartesian coordinate Z is usually used as

3
K@Z)=1+2>=

T (4.10)
Tkk.H

so that the D8- and anti-D8-branes are located respectively

at Z — +oo representing approximately the chiral sym-

metry U(N), x U(N), atboundary. And the dual theory

on the D4-branes at boundary takes the chirally symmetric

action as QCD as [44]

s— / Bxy G52~ Z, 5, + A
D4
+8(Z = Z_o )" (iV, + A, )xg)

1

y / dx\/=gTrF,, F*, u,v=0,1..3,
9ym JD4

(4.11)
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Nf D8-branes U(N)g

rd

r ’Eﬂl bulk field y; ’3{-— bulk field y;

chiral fermion y,

r— oo /\/
= S

Nf anti D8-branes U(N,),

chiral fermion y;

N, D4-branes

FIG. 3. The correspondence of the bulk fields y ; and flavored
fermions yp ; consisting of chiral quarks in the D4/D8 model.
The N pairs of D8- and anti-D8-branes are located at Z — +oo
at boundary providing U(N ), x U(N), chiral symmetry in the
dual theory. The bulk field w ; as source couples to the chiral
quarks in yz; respectively as it is in QCD.

where we use Weyl spinor y; to denote the fundamental
chiral fermion and F;y is the gauge field strength of the
gluon A,,. Therefore the source term of spinor presented in
(3.2) can be written in terms of Weyl spinors as

<exp {AM (iwr +xkwr + H.c.)de}>, (4.12)

once we focus on the Green function of chiral fermion, as it
is illustrated in Fig. 3.

In order to compute the two-point Green function, let us
reduce the fermionic action (4.6) and (4.8) to a 5d form
as most works about AdS/CFT. First, we decompose the
10d spinor into a 3 + 1 dimensional part w(x,Z) with
holographic coordinate Z, an S* part ¢, and a remaining 2d
part S as®

w(x.Z) ® (S*) ® p. (4.13)

so that the worldvolume fermion on D8-brane should be
Y =y ® ¢. Then the associated 10d gamma matrices are
chosen as

=007 ®1, u=20,1,2,3
Y"=007®1,
rr=0,01®7,
M=001Q7", m=6,7,8,9,
7 =i’r'r’r’,
¥=i'r"r"y’, (4.14)

®We note that in D dimension, a spinor has [D/2] components
where [D/2] refers to the integer part of D/2.

where we use bold to denote the 4 x 4 gamma matrices.
y",m =6,7, 8, 9 refers to the gamma matrix on tangent
space of S*. We note that the 10d chirality matrix takes a
very simple form as 7 = 03 ® 1 ® 1 in this decomposition.
Choosing the o5 representation, f can therefore be decom-
posed by the eigenstates of o3 with

o3fs = Py, o1f+ = P, ofy = Lif,,

where we use .. to denote the two eigenstates of o3. Since
the kappa symmetry fixes the condition 7¥ = W¥,” we have
to chose f = f, on the D8-brane. In addition, as ¢ must
satisfy the Dirac equation on S*, we can decompose it by
using the spherical harmonic function with the eigenstates of

Vs as [45]

(4.15)

YV @ = iAFQT AT = £(241), [=0,1...

(4.16)

Here s, [ represents the angular quantum numbers of the
spherical harmonic function.

Putting (4.13) into (4.6) and (4.8) with the decomposi-
tion (4.14)—(4.16) for ¢ and B, we could obtain a 5d
effective action for the fermion on the worldvolume of the
D8-branes after integrating the S* part as

?% = (Zi;fo;)z / d*xdZy <_§MKKAIK% + K’%?’”au
+ My Kvyo, + %MKKZKﬁ;') . (4.17)
and
SP8 — (2’;‘62 / d*xdZy [—gnTZK'/ 27, 4 K5/12)09,
+ ZK~V"%yi9, + 22TZK"/?y0,
+ T (% Z2K-2 4 K7/12>y} v, (4.18)

where A; = |Af]. As we are going to focus on the Green
function in the dual theory according to the Sec. IIIC,
the action (4.17) can be further simplified by rescaling
v - 271'0/](_13/241// as

2
S]'?.fi = iTc/d4Xle/7<_§MKKA1K—'/2 +K_2/37”0”
+ MKK732> v, (4'19)

while the action (4.18) is rescaled by y — 2za/K~7/**x

7712y as

"This condition could be opposite on the anti-D8-branes.
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4
SPS =T, / d*xdZyy (—gﬂTK‘l/zAl + Z7TK/0y%9,

+ K310, + 21Ty, + ﬂTZK'17> v (4.20)

And we will use these 5d fermionic actions (4.19) and
(4.20) to evaluate the two-point Green function.

B. Use the prescription

Since the 5d effective action is obtained in Sec. IVA, in
this section, let us use Step 2 and Step 3 in the prescription
to evaluate the two-point Green function with confined
(2.4) and deconfined (2.2) geometry by using action (4.19)
and (4.20) respectively.

1. Confined phase

Let us start with Step 2 in Sec. IIIC, i.e., solve the
equation of motion associated to action (4.19) which is
derived as

2
<_§MKKAZK_1/2 + K_2/37Maﬂ + MKK}'OZ)W =0.

(4.21)
Picking up the ansatz in Weyl basis as
ik-x VR 7=
w=e , k-x=kux'=-ot+k-X, (422)
YL

Eq. (4.21) becomes

2
_gMKKAlK_l/Zl//R — K36 - k)yy, + Mggozyg = 0.
2 _
_EMKKAIK_I/ZWL — K35 - k)wg = Mggozyy, =0,
(4.23)

where we have chosen the 5d gamma matrices as

, ,<0 o"‘) (1 0)
:l b - 9
A o 4

with o# = (1,-6"),5" = (1,6'). Solving (4.23), we can
further obtain the decoupled equations for yp; as

(4.24)

!

K
0
3K ZWL+<

2K’ AK 4[\2 K 1
OWR + 5 0zWr — <l—+ L — >WR =0,

ANK' AN K1
v +=— ! )

3K 9K32 9K ' M, K
(4.25)

/o

where refers to the derivative with respect to Z. The
above equations can be analytically solved at Z — +oo as

x = AZN 4 BZ7IN,

L = CZ=5HN 4 DZ=3N, (4.26)
where A, B, C, D are constant spinors dependent on , k, A
and furthermore one can find the following relations as

3 3

T (1 —4) My (&-h)A, T (1 +40)Mgg (o-k)D

(4.27)

once the analytical solution (4.26) is plugged back into
(4.23). Besides, we notice that the solution at Z — —oo is
equivalent to interchange yg; in the solution (4.26). A,
is the eigenvalue of the S* part and it satisfies A; > 2
according to (4.16). So we obtain the boundary behavior
of y as

imy o (Y2). tmyo( ). @28
Z—+0 0 Z——00 "853

This can be nicely interpreted as the source coupling to the
chiral fermion in each boundary theory, as it is illustrated in
Fig. 3. Hence we will focus on the calculation with respect
to the N, D8-branes since the discussion would be exactly
same on the anti-D8-branes. Afterwards, let us take care of
the boundary value v, of y at Z — +oo by picking up its
dominantly finite part in (4.26) as [13,14]

< } >
o)
Next, the conjugate momentum [T, associated with y, can

be evaluated by using (3.4). To this goal, let us take a look
at the action (4.19),

= Y
Vo = Z 1—1>1:§I-looZ V=

(4.29)

2
S)I‘)E = ZTL / d4del/_/ (— gMKKAlK_l/Z + K_Z/S}'ﬂaﬂ + M[(Kyaz) v,

= iTc/d“x(u?MKKW)If&f -

= /d4x(Hl//)|f§§ = /d x(Mgyg + Ty, )28,

2
i7, / d*xdz (aZWMKKy + 3 Mg A K = K7 36mﬂ) v

(4.30)

086020-10



CORRELATION FUNCTION OF FLAVORED FERMION IN ...

PHYS. REV. D 109, 086020 (2024)

where

Iz = —TCMKKWL I, = TCMKKV/;?' (4.31)
Notice that the term in the third line of (4.30) vanishes since
it is nothing but the conjugate equation to (4.21). So once
we impose the solution (4.26) to (4.30), it implies the action

(4.30) includes divergence at boundary Z — oo as®

SDS

f.c ’Z—>+00

DT Mgk / d*x[CTAZ"3N 4 DTA + H.c!]
+ ... (4.32)

Therefore we can see it requests a holographic boundary
counterterm S, as

S, =T .Mgg / d*x[CTAZ=HMN + Hee] (4.33)

|Z—>+oo’

to remove the divergence in (4.30). We note that action
(4.32) contains a finite part which will survive after holo-
graphic renormalization. And this should relate to the
residual isometry of AdS; since the D4/D8 model is based
on the holographic correspondence on AdS; x §* [20,37].
Then the conjugate momentum on the D8-branes to y is
evaluated as

551‘61’1

I, = -
0 27

=T Mx(0,D),

gren — SfD8 + Sct’

,C

(4.34)
which implies the Green function Gg(w, l_é) is obtained by
T MyxD = Gg(w, kA, (4.35)

according to (3.3) and (3.4). Using the representation

1(?1) (Ll)
Yr = ( (2)>, Yy = ( (2)>, (4'36)
YR vy

and introducing the ratio

vy vy
& =, E ==, (4.37)
(1) (2)
Yr Yr
the Green function can therefore be written as
(1.2) _ : N
G~ = TCMKKth VARISTIVAR (4.38)

$Since the solution at Z — —co can be obtained by inter-
changing the roles of yg; in (4.26), the action (4.30) has same
asymptotic behavior at Z — —oo on the anti-D8-branes.

satisfying the equation of motion,

4 K213
=== NKTV2E, - -o+h-k
12 3 M Ein MKK( o+ )
K—2/3
~ (~o—h-K)&,, (4.39)
KK

according to (4.23). Here we have set k, = (—w,k,0,0)
with

@ P

TR =L —p (4.40)
-

YR 43

On the other hand, since the dual theory is chirally
symmetric, we obtain

l//R|Z—>+oo = WL|Z—>—00’ (441)

which implies [36]

wr(0) = £y, (0). (4.42)

Therefore we can set 1 = %1 in (4.40) for &, , respectively.
Altogether, (4.39) could be numerically solved with the
incoming wave boundary condition &;,(0) = %1.

2. Deconfined phase

In the deconfined phase, the equation of motion for y
reads from (4.20) as

4 .
<_§ﬂTK_1/2A1 + Z71KV6y09, + K=*3y0,

+2xTyd; + ﬂTZK‘ly) w =0. (4.43)
Using the ansatz
YR WE?I)L
v = etk-x( )’ YR = < (2’) ), (444)
Vi VRL
with k, = (—@,k,0,0), (4.43) reduces to
ZK-' 2
opy? + (5= KAy
2 3
[0 h-k 1.2)
Y g-1g-1/6 K23\ /12 = 0
* (ZﬂT + 2xT Vi
ZK™! 2
oy + (—2 +3 K7 2/\1) vi
h-k 0]
+ <—2HT K23 - 2”—Tz—11<—1/6> pe? =0, (445
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which can be solved analytically at Z — oo as

y'v ) = AZN 4 Bz
(12
L

) = cz-n 4 pZin, (4.46)
The asymptotics (4.46) lead to the on-shell action (4.20)
taking form at Z — oo as

S22 ZﬂT/ d*xdZipyo,p = —271:T/ dxylyp+ -

= —2xT / d*xDTAZN S, (4.47)

which however does not include any finite part for A; > 2.
Although this behavior might imply the deconfined hot
QCD is probably nonrenormalizable in holography, it is
possible to evaluate its correlation function with the
prescription in Sec. III C if we take the boundary value
yo of y carefully as

A
Yo = lim €%y/—>€%<WR> :5‘%Al+§< ),€—>O,
Z—+e! 0 0

(4.48)
Thus conjugate momentum for y is
5sD8
I, = —5—“ = T,(2T)(0, D), (4.49)
Yo

which reduces to finite Green function as G ~ D/A. Then
let us use the ratio given in (4.37) so that the Green function
can be written as

G\0? = T,(2aT) lim 2'7¢,,(2).  (4.50)

And the equation for £, can be obtained from (4.45) as

4 h-k 0]
I = —— K12\ —— K23 7-1g-1/6
12 3 1§12 7T =+ AT

0] h-k
+ (2”—TZ_1K_1/6 +277,'_TK_2/3>§%'2’ (4'51)

which can be solved numerically by using the incoming
wave boundary condition &;,(0) = %i on the horizon.

C. The numerical analysis

In this section, we evaluate numerically the retarded
Green functions by solving (4.39) and (4.51) with incoming
wave boundary conditions.

In confined phase, the results are collected in Figs. 4
and 5. The behavior of the peaks in the Green function
displays discreteness as > — k> = M2 basically where M,

represents various constants. According to the general form
of the fermionic propagator

> 1

GR<0), k) = m s Mn =m, — Z(k), (452)
n n

here m,, £(k) refers respectively to the eigenvalue of the
bare mass and self-energy, M,, corresponds to the on-shell
energy of the various bound states consisting of the
flavored fermions (quarks). And we believe this result is
consistent with the property of the bubble background (4.1)
since its dual theory is expected to be QCD with confine-
ment states, e.g., meson, baryon states. We will further
discuss these bound states at the end of this manuscript.
Moreover, for @ > 0, the location of the peak in the Green
function can be read approximately once we set k =0,
so that the peaks correspond to w = m, — X(k) as it is
illustrated in Fig. 5. In this sense, we find quantitatively, for
A; = 2,1 =0, the bound energy (the position of the peak)

is located at w=~1.6,2.7,3.7... in Gg) and at o=~

2.2,3.1,4.2... in Gg). Furthermore, the location of the
peaks also depends on the value of A; as it is displayed in
Fig. 6. Accordingly, if we identify 4 == 1 as the parity of
the bound states, the on-shell energy evaluated by the
Green function agrees consistently with the spectrum of the
worldvolume fermion on the D8-branes with various A; in
this model as it is calculated in [36].

Next, let us take a look at the Green function as the
spectral function obtained in the deconfined phase illus-
trated in Figs. 7 and 8 where the peaks in the Green
function have been fitted by green lines. Since the relation
of G;”) is given as Gg (w,k) = —Gg) (w,—k), let us
focus on Gg)(a}, k) for convenience. First, we can see the
behaviors of the particle on shell (peaks in the Green
function) are very different from those in the confined case
which satisfies @ ~ k fork > 1 and w ~k?> + ... fork < 1.
While we discuss the positive frequency mode, it is same as
the negative frequency mode. This behavior is in qualitative
agreement with the dispersion curves of fermions obtained
by the hard thermal loop (HTL) approximation in hot QCD,
up to one-loop calculation, as [46]

11
(k)= mp £k + %kz,

k>1,

k< 1;
(4.53)

where m is the effective mass of fermion generated by the
medium effect given by

— CF T
my = ?QYM .

We note that chemical potential can also contribute to mass
of fermion while it is not turned on in the current

(4.54)
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FIG. 4. Density plot of the confined retarded Green function G

(12

) as the spectral function of 1 4+ 3 dimensional QCD from the D4/D8

model. The white regions refer to the peaks in the Green function and the dashed lines refer to @ = k as the light cones. The parameters

are chosen as A; =2,/ =0,7 . =1 in the unit of Mgy = 1.

holographic setup and Cy is suggested to be Cr = 4/3 for
fundamental quarks. According to our numerical calcula-
tions presented in Fig. 8, the effective mass of fermion is
evaluated to be m; = w(k = 0) ~2.9 x (2zT) which is
expected to be the nonperturbative results predicted by
holography. However, we must keep in mind that the
holographic approach is valid in the strong coupling region,
i.e., the "t Hooft coupling constant A = ¢3,N.. is finite and
satisfies 4> 1 for N, — oo. Hence the consistent inter-
pretation here should be that, on the QFT side, the high
order contribution of Yang-Mills coupling constant gyy; by

HTL perturbation is suppressed in the large N, limit since
in this limit we have gyy < 1. Second, our current
numerical evaluation of the dispersion curves implies the
minus sign should be picked up in (4.53) for k <« 1 while
there are two branches given by HTL approximation in
(4.53). And following the discussion in [30,31], this branch
could correspond to the dispersion curves of the fermionic
plasmino at high temperature. Nonetheless, since the
numerical calculation always displays a width of the peaks
in the spectral function, the dispersion curves of quarks
(which are expected to be w(k)~m,+1k+ ﬁkz for
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FIG. 5. The confined retarded Green function G
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as the spectral function of 1 4+ 3 dimensional QCD from the D4/D8 model. The

parameters are chosen as A; =2,k = 0,7 . =1 in the unit of Mg = 1.

k < 1) may also be included in the spectral function.
However, distinguishing exactly the dispersion curves of
fundamental quark from plasmino would very much
depend on the trick of the numerical calculation we chose.
In this sense, it would be less necessary to further compare
our current numerical results with the HTL approximation.
Overall, we believe our results, based on the holography
with the principle in string theory, reveal mostly the
fundamental properties of both confinement and deconfine-
ment in QCD, while they are very different from some
bottom-up approaches or phenomenological approaches in
this model as [30,31] where the features of QCD confine-
ment are less clear.

V. APPROACH TO THE D3/D7 MODEL

In order to further test the prescription in Sec. III C, let us
attempt to use it in the D3/D7 approach in this section,
which is a holographic version of 1 4 2 dimensional QCD.
Similarly as the case of the D4/D8 approach, in Sec. VA,
we perform Step 1 in the prescription to obtain a 4d
effective fermionic action with respect to the bubble and
black D3 background. In Sec. V B, we perform Step 2 and
Step 3 which is to solve the equations of motion for the bulk
field, define its boundary value, and derive its on-shell
action in order to evaluate the correlation function.

A. The 4d action for the bulk spinor

We start with the SUGRA solutions (2.4) and (2.2) in the
case of p = 3 for the [IB SUGRA. So in the near horizon
limit, the bubble D3-brane background is summarized as’

2 r 312 R*[dr 2102
dsczﬁ[naﬂdx“dxﬁ + f(r)(dx?) }—I—? W—i—r dQs |,

flry=1-"k%,

61913 = ()7 1912’

Fs=dC,=4R"g; €5,

(5.1)

which corresponds to the confined phase of the dual theory
and the black D3-brane background is given as

ds? = ;22 [—fT(r)dt2 + (dx")? + (dx*)? + (dx3)2]

R [ dr? )
) i Q2
+#[ﬂ0+’d5}
4
;
fr(r) = _r_l‘{’ Fs=dC, = 4R%g;es, (5.2)

°In the IIB SUGRA, the R-R 5-form is usually defined to be
self-dual which is replaced as Fs — 1 (Fs + *Fs).
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FIG. 6. The imaginary part of confined retarded Green function G

for k = 0.

Im[GF]

as A\;=2,1=0,7,=1 in the unit of 27T = 1.

which corresponds to the deconfined phase of the dual
theory. Here we use €5 to refer to the volume form of a unit
S> and R* = 4ng N I}. Note that the dilaton field vanishes
for p = 3 due to (2.2) and since x> is compactified on a
circle, the dual field theory is effectively the 1+ 2

FIG.7. The 3d plot of the imaginary part of the Green function G;”)
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) a5 the spectral function from the D4/D8 model with various A,

from the black D4-brane background. The parameters are chosen

dimensional Yang-Mills theory below the energy scale
Mgy = 2nf7' where B refers to the period of x* [14,37].

Then let us introduce the probe D7-branes as flavors
embedded into the background (5.1) and (5.2) in order to
investigate its worldvolume fermions. According to Table I,
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the D7-branes are located at x*° = const, hence we impose
the coordinate transformation,

_ rli;(_H (Cz Cz) ,C2 :pz + uz’ U= x9’ (5'3)

to the radial and S° part in (5.1) and (5.2), then they can be
rewritten as

2 R2
+ rzdﬂg] =z (dp? + p*dQ3 + du?), (5.4)

[ dr
r* Lf(r)
where p?> = Y8 _, x"x,, and dQ] refers to the metric on $*
whose solid angle is defined by parametrizing x*3-8. We
note that due to r > rgg y, it reduces to two branches for {
equivalently as0 < ¢ < 1 and ¢ > 1. In our setup, we chose
the branch of { > 1. Therefore the induced metric on the
flavor D7-branes reads

2
R?
ds2D7,c = R2 naﬂdx dx/j +—= C (dp +,02d92)
a’ﬂ - 0’ 17 27
2
ds]2)7,d ~® [_fT(r)dtz + (dx")? + (dxz)z]

R2 2 102

C2 (dp* + p?d©3).
We note that u = L as a constant represents the separation
of the D3- and D7-branes and it is proportional to the bare
mass of fundamental quarks in the D3/D7 approach [14] as

(5.5)

Density plot of the imaginary part of the Green function G;”)

represent the protrusion or pit, i.e., the peaks, in the Green functions which are fitted by green lines. The dashed lines refer to @ = =tk as
the light cone and the parameters are chosen as A; =2,/ =0,7, =1 in the unit of 277 = 1.

from the black D4-brane background. The white regions

the vacuum expectation value (VEV) of a (3,7) string. For
chirally symmetric dual theory, we may simply set L = 0
which implies the fundamental quarks are massless.
Keeping these in mind, the action for the worldvolume
fermions on the D7-brane is given by (3.6) and (3.8) as

- )
S_‘]?7:l77 / d8x,/=gPP_

X F(lva_;
2-8-5!

Fraans T, ), (56
where we have imposed 7% = W and F; ,yp refers to the
component of the R-R 5-form presented in (5.1) and (5.2).
After some straightforward calculations, the action (5.6)
can be written as

501~ L g2 [ @xapacuep_ (PR o, 300 7y
gtk [ dsipinger ("
4.3 3,3 43
pr pr m pPr
TORT TR P 5 )T 7
; 4r2 41/ r
S?,ZJ _§T7R2/d3xdpd£24‘PP { e Y ()0+ 20R
§ (g“_f’ +3p\/f_7>y4 PVITTR
2 TS & i
o Fr JFp3 atvai
+ 4 pa +,D 4fT’" V"Dy + 55— 5 r ¥,
'R &R &R
(5.8)
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where we have used y*'?*¥ = ¥ and

P_

(1 =Tp9). (5.9)

NI>—

with respect to the bubble (5.1) and black brane (5.2)
background. Follow the decomposition presented in
(4.13)—(4.15) with the eigen equation on S* (4.16) and
integrate the S* part, and the action (5.7) can be further
written as a 4d form as

1 1 R?
= iT/d3xdpu'/ ———N +—7%,
¢ p r¢

2p 2
“(B-p)renly

by rescaling y — (Zﬂa’)y/i—zﬁ and action (5.8) can be

(5.10)

written as

1
SPa = lT/d*xdpw[\/— CJ’ o+ “0a+§70p

Vi fe N L[l f
+<2Rcz 4fTR>”R<:_4fT>

+

p (5 3
-—— N +2)+—F5|z—3 5.11
e+ L (G-3vi)lv s
by rescaling v — (27 )y 557 por /Zfl 7 where
1 2 /\2

We will use these 4d fermionic actions (5.10) and (5.11) to
compute the two-point correlation function in the 2 + 1
dimensional dual theory.

B. Use the prescription

Let us use the prescription in Sec. III C to study the two-
point Green function for the 1 + 2 dimensional QCD in the
D3/D7 model.

1. Confined phase

For the confined phase, the equation of motion for the
worldvolume y can be obtained by varying (5.10) as

11, R 2p 2
—=—=N+—y%0, + <———>y+y6,]l//—0. 5.13
¢t g »p / 513

Using the ansatz given in (4.22), we can obtain the coupled
equations as

1 1 2p 2 R?
-A 0 | —o0%0 =0,
<§ ’ 1+§2 p+ ,,)l//,ﬁ—zréa mi/ss
R2 1 1 2p 2
| — 670 ——=N - -0 =0. (5.14
g0 awR+<§ oM §2+ ,)>wL (5.14)

Setting k, = (—@,k,0,0), the equations presented in
(5.14) can be written as decoupled second order differential
equations, which, at boundary r — oo (p — o0), take the
asymptotic form as

2 (A7 +3A;+2)

Wk +;’//9e _TWR =0,
wz+;wg—7(/\%; Ay, <o (5.15)
And they can be solved exactly as,
wr = Ap' TN+ Bp=2 N,
wp = Cp™ + Dp=1=M (5.16)

where A, B, C, D are integration constant. As we have
outlined A; > 2, so the boundary value v of v should be
defined as

. i 1 YR A
yo = limp iy = p! Al( 0 ) = (0)- (5.17)

Then the on-shell action (5.10) will include a finite part as

SfD7C 2 —T/ dx [(WZWR) |p_)00 +Hc. +-- ]

=T / Ix[CTAPMT +DTA+He]| L, (5.18)
thus it requests a holographic counterterm as

(5.19)

S =T / Bx[CTApPMT f Hee]| -
The existing finite part in (5.18) is due to the residual
isometry of AdSs since the D3-brane solution (5.1) and
(5.2) as bulk geometry is AdSsx S° asymptotically.
Following the discussion in Secs. 3 and 4, the retarded
Green function is given by

TD = Gg(w. KA. (5.20)
Using the representation (4.36) and introducing the ratio
(4.37), the Green function can be written as

GSel 2 = hmpzA’Hsza

p—0

(5.21)
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where the equation for £, can be obtained from (5.14) as

R? 1 1
12 :r—g(“’—h'k)+2<g—;/\l>51

2

R
T (@+h-K)E,, (5.22)

which will be evaluated numerically with the incoming
wave boundary condition and & = *£1 for &, , respectively.

2. Deconfined phase

For the deconfined phase, the equation of motion for the
worldvolume y is given by varying action (5.11) which is

1 R ,. R 3pVifr . fr
ot gr o gt (g i)

1/1 fh 1
“x(e-ip) -m

p (5 3 B
“i (3737 oo

(5.23)

Using the ansatz (4.22), the coupled equations for y;  are

F i f;+1(1 f%) I

_|_ I —_——
R”  2R*  4f;R R\( 4fr

5 3 R/ 1
+RLCZ(§_§\/fT>:|WR+lr_C<— ﬁao'i‘o'aaa)l//L:O,
1 3pvir _ fr L[l fr 1
{——a Tz _4fTR+E<" )——(A,+2)

? ¢ Afr Rp

5 3 'R 1 _
+RLCQ (E—E\/JC_THWL‘HTC (\/—f—TaO+6aaa>WR =0,
(5.24)

which can reduce to two second-order differential equa-
tions. At boundary r — oo (p — o0), they are

5 (5+2A)2A,-3)

"o =0,
5 (2A; = 5)(2A;, + 3)
"y — =0, 5.25
Y+ 0 YR 4,02 ( )
which can be solved as
wg = pNTA+ pNEB,
w, = p~N7C + pAD. (5.26)

While the boundary value of y remains to be y, the on-
shell action (5.11) taking the form as

S?Z 2 —T/dSX [(WZWRNP—)OO + H.c. i ]

=-T / dx[p* DA + H.cl]| (5.27)

p—00

does not include any finite part which implies the decon-
fined phase of 3d QCD is also nonrenormalizable in
holography. In order to obtain a finite Green function,
we can follow the same discussion as it is in the D4/D8
model. Therefore, let us first take the boundary value y, of
y carefully as

A
wo = lim ey = ¢ +2 < 0 > ,e—0. (528)

/)—>€_]

Then the conjugate momentum I1;, for y is given as

55D8
My = ——24 = 7(0, DY)e~M+2, (5.29)
Sy
Accordingly, it leads to a finite Green function as
[Ty = Gg(w, ]_é)l//o, ng) = 111%6_151,2a (5.30)

where the equation for &, defined in (4.37) can be
obtained from (5.24) as

R ) R? w
P B S [ A 1 P
r¢<ff; >§2+rC<\/ﬁ+ >

1 f 1 p (5 3
#2|(g-4f ) -+ 433V ) Jas

(5.31)

And we will evaluate the Green function with the incoming
wave boundary condition on the horizon and 4 = +1 for
&), respectively.

C. The numerical analysis

In this section, let us summarize the numerical results by
solving (5.22) and (5.31) in the D3/D7 approach. The
behavior of two-point Green function in the confined phase
is illustrated in Fig. 9 which is basically similar to the
approach in the D4/D8 model. The peaks in the Green
function display the discreteness representing the on-shell
bound states as confinement in 3d QCD, as w ~ 1.6, 2.6,

41...in GY and @~ 1.9,3.4,48... in G which is only
quantitatively different from the results in the D4/D8
model. To specify the position of the on-shell energy,
we have plotted out the relation of the Green function G as
a function of w which is illustrated in Fig. 10. Note that,
while we have set L = 0 for the chirally symmetric theory,
the position of the peaks in the Green function depends on
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FIG. 9. Density plot of the confined retarded Green function G

the quark mass L as it is illustrated in Fig. 11. The
dependence on L in Green function is different from the
D4/D8 approach, since there is not a direction
perpendicular to both D4- and D8-branes in the D4/D8
model [which means the VEV of a (4,8) string is vanished,
i.e., the bare mass of fundamental quark is vanished].
Furthermore, our numerical calculation reveals that the on-
shell mass of the bound fermion is suppressed by the quark
bare mass due to the correction of the self-energy (k) in
(4.52). In the deconfined phase, we plot out the imaginary

(1.2)
R

D3 /D7 model. The parameters are chosen as Mgx = 1, A; = 2, L = 0. The white regions refer to the peaks in the Green function and
dashed lines refer to the light cones.

as the spectral function of the 1 + 2 dimensional QCD from the

part of the Green function as the spectral function in
Figs. 12 and 13 in which the on-shell condition fitted by
green lines is in qualitative agreement with the dispersion
curves obtained by the hard thermal loop approximation
presented in (4.53). The effective mass of fermion in hot
medium is evaluated as m;~4.8(2zT) by the D3/D7
model which also implies the high order contribution in
HTL approximation might be suppressed in the large N,
limit. Altogether, the D3/D7 approach also reveals mostly
the fundamental properties of QCD as it is expected.
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FIG. 10. The confined retarded Green function Ggl) as the spectral function of the 1+ 2 dimensional QCD from the D3/D7

approach. The parameters are set as Mgx = 1,A; =2,L = 0.
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FIG. 11. Imaginary part of the confined retarded Green function Gg’” with L = 0 (solid blue line) and L = 1 (dashed red line).

VI. SUMMARY AND DISCUSSION

In this work, we study the correlation function of the
flavored fermion in the D,/D, 4 model (p = 4, 3) as the
holographic top-down approaches to QCD. Since our
concern is the fermionic correlator, the bulk spinor is
identified to the worldvolume fermion created by the (p +
4, p +4) string on the D, 4-brane. Then we pick up the
action for the worldvolume fermion on the D-brane which
is obtained by T-duality in string theory, and generalize
the prescription for two-point correlation function in the
AdS/CFT dictionary into general D-brane background

with respect to the flavored fermion in the dual theory.
Afterwards we apply our viewpoint to the case of p = 4, 3
respectively. The numerical calculation and result show that
the Green functions in both D4/D8 and D3 /D7 approaches
reveal the discrete peaks with the bubble background which
represents the bound states as confinement in QCD. In
particular, the various bound energies agree basically with
the numerical evaluation in [36] for p = 4 quantitatively.
With the black brane background, the on-shell condition
given by the Green function agrees qualitatively with the
dispersion curves obtained by the hard thermal loop
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FIG. 12. The 3d plot of the imaginary part of the Green function Gy,

chosen as A; =2,/ =0,7 =1 in the unit of 227 = 1.

() from the black D3-brane background. The parameters are
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Density plot of the imaginary part of the Green function G
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k
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(U2 from the black D3-brane background. The white regions

represent the protrusion or pit, i.e., the peaks, in the Green functions which is fitted by green lines. The dashed lines refer to @ = %k as
the light cone and the parameters are chosen as A; =2,/ =0,7 =1 in the unit of 277 = 1.

approximation which displays the behavior of the decon-
fined fermion in hot medium. Overall our approaches to the
D4/D8 and D3/D7 models illustrate the fundamental
properties of QCD in holography which would therefore
be remarkable.

Let us now give some comments about this work. First,
although the on-shell condition in the deconfined phase is
in qualitative agreement with several bottom-up approaches
involving minimally coupled fermion, e.g., [30,31], the
behavior of Green function in confined phase is totally
different. The reasons are mostly that, as the dependence of
the inner sphere S* is neglected and the probe brane is
absent in the bottom-up approaches, the action for the bulk
fermion would take a different form so that the asymptotic

behavior of fermion, related to the Green function, is also
different. And notice that the action (3.6) for worldvolume
fermion on a D-brane is not minimally coupled in general,
thus it is not surprising that the results in our top-down
approach could be different from those in the bottom-up
approaches. However, the property of confinement in QCD
is less clear in the previous works with bottom-up models
or with minimally coupled fermion.

Second, in the deconfined phase, while our analysis is
consistent with the hard thermal loop approximation, we
must keep in mind that the QFT approach is only valid in
weak coupled field theory. Therefore our current result in
the deconfined phase (which is valid in the strong coupling
region) may imply the high order contribution from the
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Dg_,-brane as a baryon

N; D), 4-branes Z/ vertex

r=Tgk g

Mt N, (p,p + 4) strings as
N, (p+4.,p+4)strings
r create bulk field y
| baryon field y created by N..

J quark points at boundary

r— oo = >
: «

P /
N, D,-branes

FIG. 14. The D-brane configuration of D,,/D,, 4 system with a baryon vertex. The bulk field y is created by N, (p. p + 4) strings as
quarks and the dual field y at boundary is produced by N. quark points as a baryon field.

hard thermal loop approximation at large N, limit is
suppressed. On the other hand, the hard thermal loop
approximation implies the chemical potential may also
contribute to the effective thermal mass of fermion while it
is not included in this work. However, if the chemical
potential (relating to the gauge field potential on the world-
volume of the D, , 4-brane) is taken into account in this set-
up, its equation of motion coupling to bulk fermion would
be totally different from the bottom-up approaches with
minimally coupled fermion according to action (3.6)—(3.8),
because the bulk fermion is identified to be the fundamental
representation of a U(N) group in most bottom-up
approaches while it is not in our top-down approach.
Accordingly, we believe the Green function with non-
vanished chemical potential in our top-down approach will
display a very different behavior from it in the bottom-up
approaches and we will leave this for a future work.
Last but not least, let us discuss the interpretation of the
dual operator y to the bulk fermion in terms of hadron
physics and outline how to interpret it as a baryon field in
the confined phase. As we have specified that to interpret
the dual field y as baryon is closer to the realistic QCD,
so it is necessary to let y produced by multiple funda-
mental quarks take baryon numbers on the side of string
theory. Fortunately, this can be achieved by following
Witten’s [38], that is to introduce a Dg_,-brane wrapped
on S877 [38,47,48] as a baryon vertex located at r = rgg
in the bubble background. Since the N_. fundamental
quarks created by the (p, p +4) string must always take

baryon numbers, there must be N, (p, p +4) strings as
fundamental quarks connect the wrapped Dg_,-brane and
stretch to the bulk boundary totally inside the D, , 4-branes
thus they are flavored, colored, baryonic strings and are
also (p + 4, p + 4) strings. By taking into account a probe
D ,-brane at the holographic boundary r — oo, the D-brane
configuration with a baryon vertex is illustrated in Fig. 14.
In this configuration, the (p, p + 4) strings as fundamental
quarks are colored, flavored, and take baryon numbers,
hence the dual field y produced by multiple N.. (p, p + 4)
string points is a baryonic hadron field, i.e., a baryon field.
On the other hand, since the (p, p +4) strings are also
(p +4, p +4) strings, the bulk field y dual to y created by
the multiple quarks is also baryonic. So it provides a nicely
holographic correspondence with respect to the baryon
field. In this sense, the bound states as the various peaks
presented in the confined Green function refer to the
baryon spectrum in holography. And it could be possible
to fit the experimental data if we further identify the
quantum number /, s in (4.16) to the isospin and spin of
the baryon. In this sense, we can identify, for examples, the
first three lowest states with same parity presented in
Fig. 6 as proton, N(1440) and N(1710) for [ = 1 as [49].
Thus our approach with the D4/D8 model gives the mass
ratios of N(1440) and proton, N(1710) and proton as
MN(1440)/Mpr0ton = 1'51vMN(1710)/Mproton ~1.95, which are
very close to the experimental data M, )/ MiSion ~1.53,

N(1440
M;;‘(ﬂ 440) /M proron = 1.82 [50]. And this viewpoint may also

support that the open strings on the D-brane behaves
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somehow as baryons in the D,/D,,s model as it is
discussed in [39]. We further comment at last that to
interpret y as quark field, i.e., produced by a single
(p,p+4) string, may be possible in the deconfined
background since in hadron physics a free quark as a free
color charge could be observables theoretically in the
deconfinement phase of QCD and baryon will be dissolved
in the deconfinement phase.

ACKNOWLEDGMENTS

We would like to thank Konstantinos Rigatos, Xin-li
Sheng, and Yan-qing Zhao for helpful discussion. This
work is supported by the National Natural Science
Foundation of China (NSFC) under Grant No. 12005033
and the Fundamental Research Funds for the Central
Universities under Grants No. 3132023198 and
No. 3132024198.

[1] E. Witten, Anti-de Sitter space and holography, Adv. Theor.
Math. Phys. 2, 253 (1998).

[2] J. Maldacena, The large N limit of superconformal field
theories and supergravity, Adv. Theor. Math. Phys. 2, 231
(1998).

[3] O. Aharony, S. Gubser, J. Maldacena, H. Ooguri, and Y. Oz,
Large N field theories, string theory and gravity, Phys. Rep.
323, 183 (2000).

[4] S. Gubser, 1. Klebanov, and A. Polyakov, Gauge theory
correlators from non-critical string theory, Phys. Lett. B 428,
105 (1998).

[5] D. Son and A. Starinets, Minkowski-space correlators in
AdS/CFT correspondence: Recipe and applications, J. High
Energy Phys. 09 (2002) 042.

[6] C. Herzog and D. Son, Schwinger-Keldysh propagators
from AdS/CFT correspondence, J. High Energy Phys. 03
(2003) 046.

[71 D. Marolf, States and boundary terms: Subtleties of
Lorentzian AdS/CFT, J. High Energy Phys. 05 (2005)
042.

[8] S. Gubser, S. Pufu, and F. Rocha, Bulk viscosity of strongly
coupled plasmas with holographic duals, J. High Energy
Phys. 05 (2005) 042.

[9] Balt C. van Rees, Real-time gauge/gravity duality and
ingoing boundary conditions, Nucl. Phys. B, Proc. Suppl.
192-193, 193 (2009).

[10] N. Igbal and H. Liu, Universality of the hydrodynamic limit
in AdS/CFT and the membrane paradigm, Phys. Rev. D 79,
025023 (2009).

[11] S. Lee, A non-Fermi liquid from a charged black hole: A
critical Fermi ball, Phys. Rev. D 79, 086006 (2009).

[12] H. Liu, J. McGreevy, and D. Vegh, Non-Fermi liquids from
holography, Phys. Rev. D 83, 065029 (2011).

[13] N. Igbal and H. Liu, Real-time response in AdS/CFT with
application to spinors, Fortschr. Phys. 57, 367 (2009).

[14] J. Casalderrey-Solana, H. Liu, D. Mateos, K. Rajagopal, and
U. Wiedemann, Gauge/String Duality, Hot QCD and Heavy
lon Collisions (Cambridge University Press, Cambridge,
England, 2014).

[15] D.J. Gross and F. Wilczek, Ultraviolet behavior of non-
Abelian gauge theories, Phys. Rev. Lett. 30, 1343 (1973).

[16] H.D. Politzer, Reliable perturbative results for strong
interactions?, Phys. Rev. Lett. 30, 1346 (1973).

[17] J. Erlich, E. Katz, D. T. Son, and M. A. Stephanov, QCD and
a holographic model of hadrons, Phys. Rev. Lett. 95,
261602 (2005).

[18] A. Karch, E. Katz, D. T. Son, and M. A. Stephanov, Linear
confinement and AdS/QCD, Phys. Rev. D 74, 015005
(2006).

[19] L. Rold and A. Pomarol, Chiral symmetry breaking from
five dimensional spaces, Nucl. Phys. B721, 79 (2005).

[20] E. Witten, Anti-de Sitter space, thermal phase transition, and
confinement in gauge theories, Adv. Theor. Math. Phys. 2,
505 (1998).

[21] T. Sakai and S. Sugimoto, Low energy hadron physics in
holographic QCD, Prog. Theor. Phys. 113, 843 (2005).

[22] T. Sakai and S. Sugimoto, More on a holographic dual of
QCD, Prog. Theor. Phys. 114, 1083 (2005).

[23] S. Li and X. Zhang, The D4/D8 model and holographic
QCD, Symmetry 15, 1213 (2023).

[24] S. Li, A. Schmitt, and Q. Wang, From holography towards
real-world nuclear matter, Phys. Rev. D 92, 026006
(2015).

[25] S. Li, S. Luo, and Y. Hu, Holographic QCD5 and Chern-
Simons theory from anisotropic supergravity, J. High
Energy Phys. 08 (2022) 206.

[26] M. Le Bellac, Thermal Field Theory (Cambridge University
Press, Cambridge, England, 2000).

[27] J. Kapusta and C. Gale, Finite-Temperature Field Theory:
Principles and Applications (Cambridge University Press,
Cambridge, England, 2006).

[28] M. Harada and Y. Nemotoo, Quasi-fermion spectrum at
finite temperature from coupled Schwinger-Dyson equa-
tions for a fermion-boson system, Phys. Rev. D 78, 014004
(2008).

[29] H. Nakkagawa, H. Yokota, and K. Yoshida, Vanishing
thermal mass in the strongly coupled QCD/QED medium,
Phys. Rev. D 85, 031902 (2012).

[30] Y. Seo, S. Sin, and Y. Zhou, Thermal mass and plasmino
for strongly interacting fermions, J. High Energy Phys. 06
(2013) 076.

[31] Y. Seo, S. Sin, and Y. Zhou, Self-energy of strongly
interacting fermions in medium: A holographic approach,
Phys. Lett. B 723, 207 (2013).

[32] L. Fang, X. Ge, and X. Kuang, Holographic fermions in
charged Lifshitz theory, Phys. Rev. D 86, 105037 (2012).

086020-23


https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.4310/ATMP.1998.v2.n2.a1
https://doi.org/10.1016/S0370-1573(99)00083-6
https://doi.org/10.1016/S0370-1573(99)00083-6
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1016/S0370-2693(98)00377-3
https://doi.org/10.1088/1126-6708/2002/09/042
https://doi.org/10.1088/1126-6708/2002/09/042
https://doi.org/10.1088/1126-6708/2003/03/046
https://doi.org/10.1088/1126-6708/2003/03/046
https://doi.org/10.1088/1126-6708/2005/05/042
https://doi.org/10.1088/1126-6708/2005/05/042
https://doi.org/10.1088/1126-6708/2005/05/042
https://doi.org/10.1088/1126-6708/2005/05/042
https://doi.org/10.1016/j.nuclphysbps.2009.07.078
https://doi.org/10.1016/j.nuclphysbps.2009.07.078
https://doi.org/10.1103/PhysRevD.79.025023
https://doi.org/10.1103/PhysRevD.79.025023
https://doi.org/10.1103/PhysRevD.79.086006
https://doi.org/10.1103/PhysRevD.83.065029
https://doi.org/10.1002/prop.200900057
https://doi.org/10.1103/PhysRevLett.30.1343
https://doi.org/10.1103/PhysRevLett.30.1346
https://doi.org/10.1103/PhysRevLett.95.261602
https://doi.org/10.1103/PhysRevLett.95.261602
https://doi.org/10.1103/PhysRevD.74.015005
https://doi.org/10.1103/PhysRevD.74.015005
https://doi.org/10.1016/j.nuclphysb.2005.05.009
https://doi.org/10.4310/ATMP.1998.v2.n3.a3
https://doi.org/10.4310/ATMP.1998.v2.n3.a3
https://doi.org/10.1143/PTP.113.843
https://doi.org/10.1143/PTP.114.1083
https://doi.org/10.3390/sym15061213
https://doi.org/10.1103/PhysRevD.92.026006
https://doi.org/10.1103/PhysRevD.92.026006
https://doi.org/10.1007/JHEP08(2022)206
https://doi.org/10.1007/JHEP08(2022)206
https://doi.org/10.1103/PhysRevD.78.014004
https://doi.org/10.1103/PhysRevD.78.014004
https://doi.org/10.1103/PhysRevD.85.031902
https://doi.org/10.1007/JHEP06(2013)076
https://doi.org/10.1007/JHEP06(2013)076
https://doi.org/10.1016/j.physletb.2013.04.059
https://doi.org/10.1103/PhysRevD.86.105037

SI-WEN LI, YI-PENG ZHANG, and HAO-QIAN LI

PHYS. REV. D 109, 086020 (2024)

[33] L. Fang, X. Ge, J. Wu, and H. Leng, Anisotropic Fermi
surface from holography, Phys. Rev. D 91, 126009 (2015).

[34] D. Marolf, L. Martucci, and P. Silva, Fermions, T duality
and effective actions for D-branes in bosonic backgrounds,
J. High Energy Phys. 04 (2003) 051.

[35] D. Marolf, L. Martucci, and P. Silva, Actions and fermionic
symmetries for D-branes in bosonic backgrounds, J. High
Energy Phys. 07 (2003) 019.

[36] R. Heise and H. Svendsen, A note on fermionic mesons in
holographic QCD, J. High Energy Phys. 08 (2007) 065.

[37] K. Becker, M. Becker, and J. H. Schwarz, String Theory and
M-Theory, A Modern Introduction (Cambridge University
Press, Cambridge, England, 2007).

[38] E. Witten, Baryons and branes in anti-de Sitter space,
J. High Energy Phys. 07 (1998) 006.

[39] T. Nakas and K. Rigatos, Fermions and baryons as open-
string states from brane junctions, J. High Energy Phys. 12
(2020) 157.

[40] R. Abt, J. Erdmenger, N. Evans, and K. Rigatos, Light
composite fermions from holography, J. High Energy Phys.
11 (2019) 160.

[41] C. Johnson, D-Branes, Cambridge Monographs on Math-
ematical Physics (Cambridge University Press, Cambridge,
England, 2006).

[42] G. Mandal and T. Morita, Gregory-Laflamme as the con-
finement/deconfinement transition in holographic QCD,
J. High Energy Phys. 09 (2011) 073.

[43] G. Mandal and T. Morita, What is the gravity dual of the
confinement/deconfinement transition in holographic
QCD?, J. Phys. Conf. Ser. 343, 012079 (2012).

[44] E. Antonyan, J. A. Harvey, S. Jensen, and D. Kutasov, NJL
and QCD from string theory, arXiv:hep-th/0604017.

[45] R. Camporesi and A. Higuchi, On the eigen functions of the
Dirac operator on spheres and real hyperbolic spaces,
J. Geom. Phys. 20, 1 (1996).

[46] V. Klimov, Spectrum of elementary fermi excitations in
quark gluon plasma, Yad. Fiz. 33, 1734 (1981) [Sov. J. Nucl.
Phys. 33, 934 (1981)].

[47] S. Li and T. Jia, Matrix model and holographic baryons in
the DO-D4 background, Phys. Rev. D 92, 046007 (2015).

[48] K. Hashimoto, N. lizuka, and P. Yi, A matrix model for
baryons and nuclear forces, J. High Energy Phys. 10 (2010)
003.

[49] H. Hata, T. Sakai, S. Sugimoto, and S. Yamato, Baryons
from instantons in holographic QCD, Prog. Theor. Phys.
117, 1157 (2007).

[50] Particle Data Group, Review of particle physics, Prog.
Theor. Exp. Phys. 2022, 083C01 (2022).

086020-24


https://doi.org/10.1103/PhysRevD.91.126009
https://doi.org/10.1088/1126-6708/2003/04/051
https://doi.org/10.1088/1126-6708/2003/07/019
https://doi.org/10.1088/1126-6708/2003/07/019
https://doi.org/10.1088/1126-6708/2007/08/065
https://doi.org/10.1088/1126-6708/1998/07/006
https://doi.org/10.1007/JHEP12(2020)157
https://doi.org/10.1007/JHEP12(2020)157
https://doi.org/10.1007/JHEP11(2019)160
https://doi.org/10.1007/JHEP11(2019)160
https://doi.org/10.1007/JHEP09(2011)073
https://doi.org/10.1088/1742-6596/343/1/012079
https://arXiv.org/abs/hep-th/0604017
https://doi.org/10.1016/0393-0440(95)00042-9
https://doi.org/10.1103/PhysRevD.92.046007
https://doi.org/10.1007/JHEP10(2010)003
https://doi.org/10.1007/JHEP10(2010)003
https://doi.org/10.1143/PTP.117.1157
https://doi.org/10.1143/PTP.117.1157
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097

