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Abstract Using the gauge-gravity duality, we investigate
the fermionic spectroscopy in the D(-1)-D3 brane system.
The background geometry of this system described by 1IB
supergravity includes a black (deconfined) and bubble (con-
fined) D3-brane which correspond respectively to a decon-
fined and a confined gauge theory in holography. The charge
of the D(-1) brane as the D-instanton gives the gluon con-
densate in this model. To simplify the holographic setup, we
first reduce briefly the ten-dimensional supergravity back-
ground produced by D(-1)-D3-branes to an equivalent five-
dimensional background. Then the fermionic spectrum in the
confined case is obtained by decomposing the fermion using
dimensional reduction. In addition, by using the standard
method for computing the Green’s function in the AdS/CFT
dictionary, we derive the equations for the fermionic correla-
tion functions and solve them numerically with the infalling
boundary condition. Our numerical results in the deconfined
case illustrate that the fermionic correlation function as spec-
tral function includes two branches of the dispersion curves
whose behavior is very close to the results obtained from the
method of hard thermal loop. And the effective mass gener-
ated by the medium effect of fermion splits into two values
due to the spin-dependent interactions induced by instan-
tons. In the confined case, the holographic correlation func-
tion indicates several separated dispersion curves which illus-
trates consistently the onset mass in the fermionic spectrum
we obtained. Therefore, this work on holography demon-
strates the instantonic configuration is very influential to the
fermion in QCD.
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1 Introduction

In quantum chromodynamics (QCD), the instanton is known
as the non-trivially topological excitation of the vacuum
which contributes to the thermodynamics of QCD and
relates to the breaking of chiral symmetry [1-3]. The instan-
ton is also known to consist of constituents which are
called BPS (Bogomol’nyi-Prasad-Sommerfield) monopoles
or dyons [4], so there have been a lot of continuous researches
to connect confinement and the breaking of chiral symmetry
to the instanton constituents [5—13]. In particular, the dynam-
ics of fermions involving instantons e.g. the spin-dependent
interaction, fermionic quantum tunneling of the instantonic
vacuum, is very interesting and widely discussed in the text-
books of QCD [1-3].

However, due to the property of asymptotic freedom, it
is very challenging to investigate QCD in the low-energy
region by using the perturbative method in quantum field
theory (QFT) since QCD is strongly coupled in the low-
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energy region. Fortunately, the gauge-gravity duality pro-
vides an alternative way to study the strongly coupled QFT
[14-16] using holography. In the top-down approach, the
instanton is constructed simply as a geometric background
with instantonic D-branes (D-instanton) [17-21], for exam-
ple, the black D(-1)-D3 brane system can describe holograph-
ically the plasma with instantons in which the D(-1)-brane
plays the role of instanton, and its dual field theory is the
N = 4 super Yang-Mills theory with an instanton or a
theta angle. So there have been many works based on the
holographic instanton e.g. thermodynamics of Yang—Mills
theory [22], hadronic spectrum [23,24], real-time dynamics
[25], Chern—Simons theory [26,27], chiral symmetry break-
ing [28], quark potential [29-31], Schwinger effect [32-34],
the hadronic interaction [35]. Despite all this, the study of
fermions in the presence of the instanton remains unexplored
in the existing works in holography although it attracts great
interests as it is reviewed in [1-3] in QFT. Therefore, the
goal of this work is to explore the dynamics of fermions in
the presence of an instanton as a starting point for further
investigations, since it can be evaluated by using the most
fundamental principle in holography.

For our goal, the setup in this work starts with the D(-
1)-D3 brane system since it describes simply the instantons
in gauge theory through gauge-gravity duality [17,25,28].
Then, we reduce the 10d IIB supergravity background pro-
duced by black D3-branes with D(-1)-branes to an effec-
tive five-dimensional (5d) geometric background. We note
that the supergravity solution for the D(-1)-D3 brane system
includes a black (deconfined) and a bubble (confined) D3-
brane solution which corresponds respectively to a decon-
fined and a confined gauge theories with instantons in holog-
raphy [36,37]. Afterwards, we study a probe bulk fermion
in the 5d geometric background and derive its covariant
Dirac equation. In the confined geometry, we decompose the
bulk fermion using dimensional reduction, evaluate numer-
ically the holographic spectrum of fermion. Since the bulk
fermion must be a gauge-invariant operator, we identify it
with a baryon in field theory.! In addition, we investigate the
fermionic two-point correlation function in the dual theory by
employing the standard technique in the AdS/CFT dictionary
so that obtain the differential equations for the fermionic cor-
relators in the bulk.? By imposing the infalling boundary con-

! Since baryon is the fermionic gauge-invariant operator in QCD, for
a bottom-up or phenomenological approach of QCD, the fermionic
gauge-invariant operator is usually identified to a baryon, e.g. [38]. The
top-down approaches also support that the gauge-invariant fermions
behave as baryons as it is discussed in [39,40]. In particular, baryon
can be introduced into the holographic approaches by considering the
baryon vertex as it is discussed in [41] and the relevant works with
baryon vertex can also be reviewed in [35,42,43].

2 The two-point functions of fermions in the context of the AdS/CFT
were first considered in [44,45].
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dition at the horizon, we afterwards solve the fermionic corre-
lation functions numerically both in deconfined and confined
backgrounds. Our numerical calculation in the deconfined
case illustrates that, without the D-instanton, there is only
one branch of the holographic dispersion curves for fermion
lying on the light-cone which is similar as the existing works
about holographic fermions [35,42,46-49]. In the presence
of the D-instanton, the fermionic correlation function has a
correction which to leading order splits the dispersion curves
into two branches at small momentum, and this behavior is
very close to the dispersion curves from the approach of hard
thermal loop (HTL) in QFT. Furthermore, the two branches
of the dispersion curves reveals that the effective bound mass
of fermion in plasma has two values in the presence of the
D-instanton. Remarkably it agrees qualitatively with effec-
tive potential for the spin-dependent interactions induced by
instantons computed by the process of one-gluon exchange in
QCD [1,2]. In the confined case, the holographic correlation
function indicates several separated dispersion curves which
agrees with the fermionic spectrum we obtained. Therefore,
this work, as a starting point, is a holographic reproduction of
the properties of fermions in the presence of instantons, we
believe the instantonic configuration in QCD is very influen-
tial to the fermion.

The outline of this manuscript is as follows. In Sect. 2,
we collect the essentials of the 10d supergravity background
produced by D3-branes with D(-1)-branes as D-instantons,
and reduce it briefly to an effectively 5d gravity background.
In Sect. 3, we decompose the bulk spinor with dimensional
reduction, then evaluate the eigenmass of fermion numeri-
cally. In Sect. 4, we demonstrate the principle in AdS/CFT
dictionary to compute the holographic correlation function
for spinor. Then we derive the covariant Dirac equation and
the holographic counter term for spinor in order to obtain the
differential equations for the fermionic correlators. In Sect. 4,
we solve numerically the holographic fermionic correlation
functions order by order with physical analysis and interpre-
tation, both in the deconfined and confined case. The final
section is the summary.

Notation

In this manuscript, the capital letters L, M, N... refer to the
indices of the bulk coordinate as x™, the lowercase letters
a, b, c refer to the corresponding indices of the coordinate in
tangent space. The gamma matrices y%, '™ as the generators
of the Clifford algebra with vielbein €9, are related as,

{ya’ ,}/b} — 2nab’ {FM, FM} — 2gMN’
Y =My, gyun = eynane,

(1.1)

where gy refers to the metric on a manifold and n,, refers
to the Minkowskian metric. The spin connection wpzqp 18
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defined as,

OMab = Ncb <e,]1vaMefv — eflVI‘AIfINe%) , (1.2)
where the affine connection FAIfI 18 given by,

Ty = &5" Omern + Ivegmr — dLgmn) - (1.3)

The Greek letters as u, v...refer to the indices of coordi-
nate as x* at the holographic boundary. The lowercase let-
ters i, j, k, [ run over the spatial directions of the holographic
boundary i.e. i, j, k,I = 1,2, 3. The gamma matrices pre-
sented in this work are chosen as y¢ = {y#, y} as,

w_ 0 ot (10
4 gt 0 )" \o-1)

with o# = (l, —ai) JoMt = (1, oi) ,i=1,2,3 whereo's
are the Pauli matrices.

(1.4)

2 The instantonic background in holography

In this section, let us briefly review the instantonic back-
ground which corresponds to the system consisting of N,
D3-branes with Np D-instantons i.e. the D(-1)-branes in
the large- N, limit in the type IIB string theory [17,18,25].
Then, we integrate out the S> part in order to obtain a five-
dimensional (5d) background geometry for simplification.

2.1 The D3-brane background with D-instanton

The supergravity solution of N, D3-branes with Np D-
instantons is in general described by a 10d deformed D3-
brane solution with a non-trivial Ramond-Ramond (R-R)
zero form Cy. It is recognized as a marginal “bound state” of
D3-branes with smeared Np D(-1)-branes. In our notation,
N, D3-branes are identified as color branes, hence the asso-
ciated number N, denotes the color number. In the large-N,
limit, the 10d bosonic type IIB supergravity action describes
the low-energy dynamics of this system which is given in the
string frame as,

Sup = 2— dloxa/_|: 2P (R 440D - 9D)
K1o

—5|F1|2—%|F5|2] @1
where 2/<10 @)’ Ih 8 is the 10d gravity coupling constant,
ls, g5 is respectively the string length and the string coupling
constant. We use @ to denote the dilaton field and Fj s is the
field strength of the R-R zero and four form Co 4 respectively.
The solution of N, D3-branes with Np D-instantons is the

near-horizon solution of non-extremal D3-branes with a non-
trivial Cy, which in string frame reads [17,18,25],

2 o [r? 2
ds® = e ﬁ[—f(r)dt +dx~dx]
1 2 162
——dr + R°dQs
f()
o Y "y
—1+—ln fry=1-—-4
rh f() =
=dCy = g; ' Qzes,
Fi =dCy, Co=—ie ®+iC, ¢ = — dg, e =g,

2.2)

where C is a boundary constant for Cy, €5 is the volume
element of a unit $7. And the associated parameters are given
as,

Np @m)*a?

R* = 4mg,N.1*, O3 =4R* O =
TT8sNelg 3 0= N. Va

Q3. (2.3)

Here, x* = {t,x} = {t,xi}, i = 1,2, 3 refers to the 4d
spacetime where the D3-branes are extended along. And r
is the holographic direction perpendicular to the D3-branes.
The solution (2.2) is asymptotically AdSs x S° at the holo-
graphic boundary » — oo which describes geometrically
that the D-instanton charge Np is smeared over the world-
volume Vy of the N, coincident black D3-branes homoge-
neously with a horizon at » = rg.> The backreaction of the
D-instantons has been taken into account in the background,
thus it implies Np/N,. must be fixed in the large-N, limit.
The dual theory of this background is conjectured to be the 4d
N = 4 super Yang-Mills theory (SYM) in a self-dual gauge
field (instantonic) background or with a dynamical axion at
finite temperature characterized by the parameter Q [17,18].
Note that, in the language of hadron physics, Cy is recog-
nized as the axion. The gluon condensate in this system can
be evaluated as,

ND 1 Q Nc
1672V, 16 Qra)2 R* 2m)*
wn,v=0,1.3.

(TrFy, F*) ~

2.4

Besides, by following [36,50], there is a confining back-
ground which can be obtained from (2.2). That is to compact-
ify one of the spatial dimension x> = y of the D3-brane on
a circle S!, so the worldvolume theory on the D3-branes is
effectively 3d below the energy scale Mxx = %—7;, where 8y

refers to the size of S'. Then identify the bulk supergravity
geometry that has this geometry for its boundary, which resul-
tantly leads to a double Wick rotation (t — —iy, y — —it)

3 When the IR cut-off is taken into account, V4 can be chosen to be
finite [17].

@ Springer
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on the background presented in (2.2) as, as,
2 2
2 5 ¢ R dz
o\ T = [ -
ds? = e? {F [nuudx“dx” ~|—f(r)dy2] dsisay =€* [ f@de* +dx-dx + f(z)}
1 Fa ®
——dr +R2d92},u,v=0,1,2. f(Z):l—T’e =1-gqInf@)
f( ) 2 2 4
4 R R ZHQ
fry=1- % (2.5) == RS (2.10)

The background (2.5) is defined only for r > rxg and it
does not have a horizon, so rk k 1s the end of the spacetime.

¢,
Since the warp factor e2 R2 never goes to zero, the Wilson
loop asymptotics lead to an area law which manifests as con-
finement in the dual theory.

2.2 The effective 5d background

The $° part in the gravity solution (2.1) and (2.2) can be
integrated out so that the background (2.2) can reduce to an
equivalent 5d background. Since all the fields presented in
(2.1) and (2.2) are expected to depend on the coordinates
x™, r only, it is possible to integrate out the S part in action
with

dslioa) = dsisq) + dsss. (2.6)
So in the Einstein frame, the action (2.1) becomes,
Siw) = d’xy)—gD [RSd ~9D - 9D

-3 |dc0|2 - ZA} , (e))
where the cosmological constant A is obtained by
A= Qg)i/d S gs |FsP = 2.8)

Since the supergravity solution (2.2) implies that the kinetic
terms of ®, Cy presented in (2.7) cancel each other, the 5d
solution is nothing but AdSs. Thus, in the string frame it is
given as,

2 2
2 ] r 2 1 R 2
(2.9)

and the solution for ® and Cy are still given by the corre-
sponding formulas given in (2.2). Note that the action (2.7)
describes nothing but the gravity-dilaton-axion system, and
we will use the 5d effective background (2.9) in z coordinate

@ Springer

in which the holographic boundary is located at z — 0 to
continue our discussion. Moreover, the confined geometry
presented (2.5) also reduces to an effective 5d background
as,

¢ R? dz?
ds(ZSd) = ef—z [nﬂvdx“dx + f(r)dy* + ff )i|

4
f@= e =1—ghnf(2),
Tk
R? R? 4 0
t=—zn=——q =25 @11
r I'KK R

3 The spectrum of the baryonic fermion

In this section, our concern is the fermionic spectrum in the
confined geometry. As the Wilson loop asymptotics lead to an
area law, we consider a fermionic operator in the boundary
theory which describes a confined state. In particular, the
fermionic operator should be gauge-invariant according to
gauge-gravity duality* [15,16,36]. As the confined metric
given in (2.11) becomes 3d below the energy scale Mg, it
reduces to the following metric,

dz?
"
["“”dx bt f(z)}

= gxx’l;wdx#dx + gzzdz .

o R2
ds(4d) =e?—

3.1

We start with a bulk fermion v as the dual mode to the bary-
onic fermion at the boundary propagating on the background
(3.1). Its Dirac action is given as,

S =i [ d'xy/=gh T4V —m) . (32)
where the Dirac operator is computed as,
1 1 30 Ingc
vy = Moy + ——y0, + (3.3)
Ve T

4 The gauge-invariant fermion in the confined phase of QCD is a
baryon. In the top-down approach, it can be constructed by introducing a
baryon vertex [35,42,43]. However, since we are following a bottom-up
approach, we will not attempt to discuss the holographic construction
of a baryon with a baryon vertex in this work.
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So the Dirac equation (3.2) can be rewritten as,

Sbulk = i/d3xdz1ﬁ (A1y" 8, + A2y d; + Azy + As) ¥,

(3.4
where the coefficients are
A= /- Az = ‘/——
48 Ingyx |——, Aa = my/— 3.5
g

Let us further decompose the spinor ¥ as a series of the basis
function as,

o )
V= Z <$(k)F(k)>

where 1/f(ik ) depends on x* and Fj(tk) depends on z. Then, we
insert the decomposition in the action (3.4), and it becomes

(3.6)

Spulk = — Z/d3xdz [W(k)TF(k)Azwi")azFfr")
k.n

n I/I(_k”'ka)Aawf)Fi”)
w(”)TF(n)Allo.Maﬂw(k)F(k) w_(f)TF_E_n)AZI//Ek)aZ FEk)
(3.7)

By imposing the normalization condition for the basis func-
tion,

/ dzFPOF" = / dzFPF™ = shn, (3.8)
with eigenequations
A\ )t A e
(n)
A F A3+ A
T (J%) + BT S M (69)
1 1

action (3.7) reduces to the standard form of kinetic term for
fermion as,

_ —Zfd%{lﬂf"ﬁia"awﬂ”) 4y ™iiang, ™
n

My [T | } (3.10)

Table 1 The fermionic spectrum with m = 0 in the unit of Mg x = 1

q=0 n=1 n=2 n=3 n=4
M 1.7899 4.2721 6.7597 9.2568
M_ 1.8131 4.2978 6.7868 9.2853

The eigenvalue M,, can be evaluated by solving numerically
the following eigenequations

Ay 5 A28 FJ(rn) n
VAL ¢ Ay ‘ VAL Al +

As— Ay [ A, F\  As+As
+ 9, + F!
Ay VAT T\VA Ay

M,

Ao Ar Fin) Az — A4 )
—0; | —0; + FZ
VAL A VAL Al

LAt A A F™ LA A
A VAT \ VA, A T
= —M2F™. (3.11)

We note that, the mass m presented in (3.2) is the only param-
eter to fit the experimental data. For massless fermionm = 0,
the equations for F. (") are identical. For m # 0, the mass
spectrum of M;—L is separated with the separation ~ m/2.
According to (3.6), the “+” can be identified to the proper
quantum numbers of a baryon e.g. the 3rd component of
the isospin. In this sense, we solve (3.11) with sufficiently
small mass parameter m = (.01 and the associated mass
spectrum is given in Table 1 and its dependence on ¢ is illus-
trated in Fig. 1. The numerical results are related the fact that
the mass of baryons as the up and down components of a
isospin is roughly equal. The mass spectrum is less depen-
dent on the instanton density. However the separation of the
eigenmass does not match very well to the experimental data
for the lowest baryon mass. For example, if we identify the
states of mass M]i, M2jE as proton (n = 1, I = +1/2), neu-
tron(n = 1,1 = —1/2), Tt (n = 1,1 = +1/2), =~
(n = 1,1 = —1/2), the mass ratio of £ T and proton given
in this model is MZJF/MI+ 2~ 2.39 less close to the experi-
mental data Mproton/Mx+ = 1.27. One possible reason may
be that the current theory is 3d instead of a 4d theory.

4 The fermionic correlation function
In this section, we focus on the fermionic correlation func-

tion as a parallel method to investigate the fermionic spec-
trum. By introducing a probe fermion in the bulk geometry,

@ Springer
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o M; o M;
' M ' M;
e’ ” <’ v
2 M 2 My
% o qo s 20 % o qo s 20
Fig. 1 The mass spectrum as a function of the instanton density ¢
we will evaluate its two-point Green function in holography “4.3)

by employing the standard method in the AdS/CFT dictio-
nary. Since the fermion must be a gauge-invariant operator,
it could be a baryonic fermion. In particular, the influence of
the instanton charge denoted by ¢ in the fermionic correlation
function is also considered.

4.1 General setup for the fermionic correlation function

Let us start with the principle of the AdS/CFT which pos-
tulates that the generating functional of the dual conformal
field theory (CFT) Zcrr is equal to its gravitational partition
function Zgayity in the bulk geometry. Namely, for a spinor
field ¢ in the D + 1 dimensional bulk, we have [44,45,51]

ZcFr [&0» 1//0] = Zgravity [Iﬁa lﬁ] |1/}J//_,1/‘,0J/j0a 4.1
with
zerr [ o] = (e { [ (v -+ don) a?a ).
Zgravity [Ip, Iﬂ] = e_nganVity’

iy = [ Cathay [, ] V=20 42)

Note that, we use M to denote the bulk space and its holo-
graphic boundary is given at )M = {z — 0}. ¥ refers to the
boundary value of i as a source of the boundary fermionic
operator 7. Since ¥, n are fermionic gauge-invariant oper-
ator, 7 is expected to be a baryon or a baryonic plasmino
phenomenologically in this work. ﬁ;f;’vit denotes the renor-
malized Lagrangian of the bulk field ¥. Then following the
standard steps in quantum field theory (QFT), the one-point
function i.e. average value of 7 is given as

1 8Zcpr |

8Sren
"~ Zcrr SYo -

s Zgravity o gravity

= = Io,
3o 3o

(1)

z gravity

@ Springer

where we have used the relation (4.1). Therefore, the two-
point correlation function G of 7 is obtained as,

<r7 (w /?)) — Gg (w, /?) Yo, (4.4)
ie.
My = Ggr (a) /2) Yo, (4.5)

where o, k refers to the frequency and 3-momentum of the
associated Fourier modes. Altogether, it is possible to eval-
uate Y, [1g in order to evaluate the two-point correlation
function G g of n by using the classical gravity action S;f:vity
in holography.

4.2 Covariant Dirac equation for a probe fermion

Keep the formulas in Sect. 4.1 in hand, let us investigate a
probe fermion in the D+1-dimensional holographic back-
ground (2.10). In general, the D+1-dimensional homoge-
neous background metric can be written as,
dslsqy = gudt® + gerdX - dX + g.d7”, (4.6)
where g;;, gxx, 8z depend on z only. For a probe fermion in
bulk, its dynamic is described by the Dirac action given in
(3.2), so the Dirac equation reads
(rMVM - m) v =0, “.7)

where the covariant derivative operator is given in terms of
the spin connection as,
a b
[ "],

ab _

(4.8)

Y-

1 ab
Vyu =0dy + 7OMabY Y
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Imposing the homogeneous metric (4.6), the Dirac operator
is computed as,

1 1 ' |
vy = J/030+ vion+ v
Ve NN =
1
+W ,/g[(D_l)gttg;x‘f'gxxg;t Y. 4.9)
XX 72

To find a solution for the Dirac equation, we insert the ansatz
for spinor ¢ in Dirac representation as,

_ d*p
v— (WR) _ (_ggzz) 1/4/ P ezk-xX (z, k),

VL Qn)*
@ k) i
| xr (z, _ . _ _
x (z,k) = [XL (Z7k):|,XR,L— @ Jky = (ko. ki),
XR,L

(4.10)

into the Dirac equation (4.7), so it is simplified as,

[ /iﬁ (yd. — mygz) + iKMy“] x(z,k)=0, (4.11)

where

8xx
K, = — ko, k‘) .
. < 81t l

4.3 Construction for the correlation function

4.12)

When the background metric (4.6) is inserted into (4.11), the
Dirac equation reduces to two decoupled differential equa-
tions for x g . as,

(0: +m/gz) [(K o) \/%(az —mgzz) xR]

= — [52 (K &) xa.

XX

(9; —m/8z) [(K o) iﬂ (9 +my/2z) XL:|

pad

=— 5= (K o) x1.

8xx

4.13)

which can be solved analytically near the boundary z — 0
as,

—mR 4 g lHmR (4.14)

XL = Az
where A, B, C, D are constant Weyl spinor depending on 4-
momentum & and the charge of the D-instanton ¢g. Hence for
mR > 0, the boundary value yq of x is given by A which is

the most divergent term, defined as

0
— 1 mR — .
Xo = lim 2"y <A>

Then recall the Dirac action (3.2) with (4.10), it leads to

(4.15)

Sbulk = i / d*xdz =gV (FMVM - m> v

=i/d4x Gyl —i/d4xdz‘/gi[ B a.xy
8xx 8zz

+my/gzx) +iKuxy"] x.

(4.16)
Note that the last term in (4.16) vanishes since it is nothing but

the conjugate equation of (4.11). Therefore, we can obtain a
boundary action Spqry from (4.16) as,

Soary = i f &*x 7y 10 o

=i / d*x (DTA + c*Azl—z’") .m0, (4.17)

which implies the holographic counterterm Scr at the bound-
ary is,

Sct = —i/d4xCTAZl_2m|z—>O, (4.18)
giving the holographic renormalized action as,
eravity = Sbary + ScT
=i/d4xDTA. (4.19)

Picking up (4.19) with (4.3) and (4.5), the correlation func-
tion satisfies
D = —GRrA, (4.20)
in the Weyl representation. This is not surprising since the
boundary value g of ¥ is in fact a chiral spinor. On the other
hand, the correlation function in the 2 x 2 matrix must be
able to be written as the combination of the Pauli matrices
as,

Gr=a+ Bkio', 4.221)
we can set that the momentum is along the x3 direction as
ky = (—®,0,0,k) due to the rotational symmetry in R? =
{x'}, so that the correlation function G is expected to be
diagonal, as

1,1
Gk' o
Gr=|"R 2,2). (4.22)
(o Gy
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Fig. 2 The real and imaginary parts of zero-th order correlation functions Gf,?,)a as functions of w, k in the deconfined phase. The parameter is

chosenasg =0,m =0.01,zy =1

To finalize this section, we introduce the ratio defined as

Xy
(o)’
L

Gy = (—1)2*! a=1,2. (4.23)

According to (4.15)—(4.20), the correlation function is given

by

G%* = (—1)* lim 272" G, (4.24)
z—0

and the equations for the ratios can be obtained by recombin-
ing the components of the spinor x with respect to the Dirac
equation (4.11). As a result, one can find the equations for

@ Springer

the ratios are given as,

B Gl = (=) u—k+ [k + (= 1) u] G242m gx G
2z
(4.25)
where “”” refers to the derivative with respect to z, and

(4.26)

o [ 8@
8t «/7

Therefore the correlation function could be evaluated numer-
ically by solving (4.25) with the infalling boundary condition
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Fig. 3 Density plots of the zero-th order correlation functions GE?L in the deconfined phase with the parameters as ¢ = 0, m = 0.01,zg = 1.

The white regions refer to the peaks in the correlation functions

Gylz=zy; = (—1)%i obtained by analyzing its asymptotic
behavior near z = zy as [35,42,46-48].

4.4 The numerical analysis

Deconfined phase

When the D-instanton is taken into account, the correlation
function given in (4.24) should also depend on the charge

density of the D-instanton denoted by ¢. In order to evaluate
exactly the g-dependence in the correlation function, for g <
1 we consider its leading order correction by expand G, as,

Gy = got + q%_a, (427)

where G, is the zero-th order solution satisfying the equations
presented in (4.25) with ¢ = 0 as (there is no sum for the

@ Springer



830 Page 10 of 15

Eur. Phys. J. C (2025) 85:830

repetitive indices),

2m

VG, = (=D%u—k+[k + (—=1)*u] gﬁ—i—TR%. (4.28)

Here we have inserted the deconfined geometry (2.10) into
(4.25), and &, is the leading order correction satisfying the
equations

VT =[k+ (17 ] 26 + 225 [sa ~ Galn f} .

(4.29)

By analyzing the asymptotic behavior of (4.28), we find the
infalling boundary condition for G, could be Gy|.—;, =
(—1)%* i which is exactly same as the infalling boundary con-
dition for G,. Therefore, the boundary condition for &, is
expected to be &y |,—;,, = 0. Altogether, we will solve (4.28)
and (4.29) numerically in order to evaluate the associated
correlation function G as the fermionic spectral function
in holography. We write down the correlation functions pre-
sented in (4.24) as the combinations of its zero-th order Gg)?a

and first order solution Gg)a as,

o ~(0) ()
G%a—GR +qGry

,a

Gg)’)a — (_1)0{ ZIER)Z—ngO“

G, = (—1)* lim 27, (4.30)
where G, &, are coefficients independent on ¢ and they
can be solved numerically through the equations (4.28) and
(4.29). The corresponding numerical results for Gy, &, are
given in Figs. 2, 3,4, 5 and 6.

Let us compare our numerical results with the calculations
by using the method of hard thermal loop (HTL) in thermal
QCD. The approach of HTL with vanishing chemical poten-
tial illustrates the dispersion curves of fermions (plasmino)
is® [52,53],

1 1
K)~mp+-k+—k k< I;
w (k) ~my 3 + 3m, <

w® ~k, k> 1, 431

where m ¢ is the effective mass generated by the medium
effect of fermion as,

(4.32)

5 We pick up the modes of positive frequency with @ > 0 and momen-
tum k > 0, the case for the negative frequency can be obtained by
replacing w — —o.

@ Springer

Here gym refers to the Yang—Mills coupling constant and
Cr is a constant suggested to be Cr = 4/3 for fundamen-
tal quarks or Cr = 1 for the electron. Accordingly, we can
see the dispersion curves presented in the zero-th order cor-
relation function given in Figs. 2 and 3 cover basically the
behavior of dispersion curves from HTL at large momen-
tum. For the small momentum, while the zero-th order dis-
persion curves may be close to the relation given in Fig. 6, it
does not illustrate two branches of the dispersion curves as
some related works in holography [35,42,46—48]. The reason
may be that, according to the gravity/fluid correspondence
[54,55], the plasma described holographically by the metric
(2.9) with g = 0 corresponds to the conformally ideal fluid
of N = 4 super Yang-Mills theory which is different from
the QED or QCD plasma. In particular, the interaction of the
plasmino or the dissipation of the medium is not taken into
account in the ideal fluid. While this issue may be expected
to be figured out by taking into account the dissipation of the
fluid somehow in the holographic background (2.9), we will
focus on the influence on the instanton in this work.

For the case ¢ > 0, the correlation function has a correc-
tion term Gg?a given by &, as it is illustrated in Figs. 4, 5
and 6. For o > 0 and k > 0, it is clear to see that the dis-
persion curves have two branches at small momentum and
they trend to merge for large momentum. By taking a look at
the value of the correction terms, we can find the correction
Gg)a is large/small for small/large momentum respectively
which has an opposite behavior to the zero-th correlation
function Gg??a. Altogether, for g > 0, the first order correc-

tion Gg)a dominates the behavior of the dispersion curves
at small momentum and it always manifests two branches.
At large momentum, the zero-th order function Ggg)a dom-
inates the behavior of the dispersion curves which displays
only one branch of the dispersion curves on the light-cone.
Therefore, the dispersion curves given by the total spectral
function G%* are very close to the relation for HTL (4.31).

Besides, our numerical results also illustrate that, i.e. for
w,k > 0, the effective mass my = w (k = 0) splits into
two values as it is displayed in Fig. 5. This may be related
remarkably to the properties of the fermionic spin, since it
is known that there is spin-dependent interactions among
fermions induced by instantons in QCD [1,2]. According to
the calculations by one-gluon exchange, the massive quark
potential depends on the quantum number of spin in the pres-
ence of instanton, so the total mass of the plasmino includ-
ing quark interaction splits into two values which leads to
two branches in the dispersion. In this sense, our numeri-
cal evaluation might be a holographic reproduction of the
instanton-induced interaction with spin. However, for the
massless case, the spin-dependent interaction induced by
instantons trend to vanish, so it could be why the spectral
function of massless fermion is not affected by the instan-
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ImGY,

Fig. 4 The real and imaginary parts of leading order deconfined correlation functions GE& as functions of w, k withm = 0.01, zy =1

ton charge. On the other hand, some existing works about
D-instanton in gauge-gravity duality [24,28-33,35,42] also
support that the property of mass for a massless hadron in
plasma is not affected by the instanton, which could thus be
a holographic confirmation.

Confined phase

As a parallel method to investigate the fermionic spectrum,
we also evaluate numerically the equations in (4.25) with
respect to the confined geometry given in (2.11). So the asso-
ciated correlation functions are illustrated in Figs. 7 and 8.
Comparing the confined correlation functions with the mass
spectrum given in Table 1 and Fig. 1, we can see several sep-
arated peaks in the correlation function. Since the two-point

L . Lo . -1
fermionic correlation function is proportional to (k/ — m) ,

the peaks refer to the separated dispersion curves regarding
the various onset masses. In the confined correlation function,
the onset position of w at k = 0 agrees with the fermionic
spectrum and it basically holds for nonzero g, therefore the
holographic correlation function indicates consistent conclu-
sion of the fermionic spectrum with the method used in Sect.
3.

5 Summary
In this work, we study the spectroscopy of baryonic fermion

in the D(-1)-D3 brane system. The geometric background of
this system given by IIB supergravity includes a black and a
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Fig. 5 Density plots of the leading order deconfined correlation functions Gg?a as functions of w, k with m = 0.01, zg = 1. The white regions

refer to the peaks in the correlation functions

bubble solution which can describe respectively a deconfined
and a confined gauge theory with instantons in holography.
To simplify the setup, we briefly reduce the 10d supergrav-
ity background to an 5d background of gravity-dilaton-axion
system. By considering a probe spinor in the 5d bulk, we
illustrate the decomposition and dimensional reduction of
the spinor, then obtain the fermionic spectrum in the confined
geometry. Since the fermion must be a gauge-invariant opera-
tor according to the gauge-gravity duality, we further identify
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the fermion with a baryon in the confined geometry and com-
pare our mass spectrum with the baryonic experimental data.
However, as most works on holography [47,48], the gauge-
invariant fermion in the deconfined phase is usually identified
with the baryonic plasmino instead of the baryon since quarks
and gluons can not form a baryon in the deconfined phase.
Afterwards, we derive the equations for the holographic cor-
relation function from the Dirac equation, then demonstrate
the numerical calculations with the infalling boundary condi-



Eur. Phys. J. C (2025) 85:830 Page 130f 15 830

2 3
k=3 k=4
1k ] p=5
2l ]
0
1+ 4
<2 &%
o -1F 1
2 E
0
of ]
p=5
k=4 . J
Sl ]
k=3
4 -2
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
w w
3 T T T T T T 2 T T T T T T
. k=4 k=3
2| p= ]
1+ 4
1+ 4
0
— o
T zx
©® 0
& E
4L ]
af ]
Ll ]
-2 1 p=5
k=
k=3
7 -6 -5 -4 -3 -2 -1 0 -7 -6 -5 -4 -3 2 -1 0
w w

Fig. 6 Thereal and imaginary parts of leading order deconfined correlation functions Gg?a as functions of w with variousk andm = 0.01, zg = 1.
There are always two peaks for various k in the correlation function which correspond to the two branches of the dispersion curves

k
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Fig. 8 The holographic correlation function as a function of w at k = 0 in confined phase with ¢ =1

tion both in the deconfined and confined background. In par-
ticular, we expand the correlation function as zero-th order
solution plus first order solution in the deconfined geome-
try. Our numerical results in the deconfined case illustrate
that the first order correction to the total correlation function
including two branches of the fermionic dispersion curves
is dominated for small momentum, while the zero-th order
correlation function dominates the behavior of the fermionic
dispersion curves at large momentum giving only one merged
dispersion curves on light-cone. This behavior is out of reach
without the presence of the instanton and it is very close
to the fermionic dispersion curves obtained by HTL. Fur-
thermore, we also find the effective mass generated by the
medium effect of fermion splits into two values which may
be due to the spin-dependent interactions among fermions
induced by instantons. Although it has be discussed quali-
tatively in the framework of QCD with instantons [1,2], it
is interesting that the holographic approach reproduces this
result. Besides, in the confined case, the holographic correla-
tion function explicitly indicates that the position of the onset
mass is consistent with the fermionic spectrum. Altogether, it
means seemingly that the instantonic configuration in QCD
is very influential on the spectroscopy of the fermion.
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