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The quantum chromodynamics (QCD) Kondo effect is a quantum phenomenon in which heavy quarks (c, b)
exist as impurity particles in quark matter composed of light quarks (u, d, s) at extremely high density. This is
analogous to the famous Kondo effect in condensed matter physics. In the present paper, we show theoretically
the existence of the “QCD Kondo excitons,” i.e., the bound states of light quarks and heavy quarks, as the
lowest-excitation modes above the ground state of the quark matter governed by the QCD Kondo effect. These
are neutral for color and electric charges, similarly to the Kondo excitons in condensed matter, and they are a new
type of quasiparticles absent in the normal phase of quark matter. The QCD Kondo excitons have various masses
and quantum numbers, i.e., flavors and spin parities (scalar, pseudoscalar, vector, and axial vector). The QCD
Kondo excitons lead to the emergence of the neutral currents in transport phenomena, which are measurable
in lattice QCD simulations. The study of the QCD Kondo excitons will provide us with understanding of new
universal properties shared by quark matter and condensed matter.
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I. INTRODUCTION

The Kondo effect is caused by a strong coupling between
an itinerant electron and a spin impurity in metal, which
leads to the enhancement of the electric resistance in the
low-temperature region, and it still provides us with universal
problems in various systems with a non-Abelian interaction
like spin exchange [1] (see also Refs. [2-5]). Kondo insulators
(Kondo lattices) are composed of bound states (quasiparticles)
as superpositions of itinerant electrons and spin impurities, the
interaction of which is dynamically enhanced by the Kondo
effect [6-23]. Inside the Kondo insulators, there exist the
Kondo excitons, which are bound states of quasielectrons
and quasiholes as excited states upon the interaction-induced
ground state [24-29]. The Kondo excitons affect the trans-
port phenomena, such as sound waves and heat conduction
accompanied by the number and energy fluctuations, respec-
tively, while they are usually irrelevant to electric conductivity
due to the neutral charge [30]. Thus, research of Kondo
excitons is important to unveil the nonperturbative aspect
in Kondo insulators, leading to understanding of the nature
of composite particles in heavy-fermion systems. Recently,
active researches are devoted to topological Kondo insulators,
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e.g., SmBg and YbBj, [31-37] (see also Refs. [38—42] and
references therein).

Recent theoretical studies proposed that the Kondo effect
arises even in matter much different from electron or atom
systems, i.e., in superdense matter governed by the strong
interaction described based on quantum chromodynamics
(QCD), namely, nuclear matter and quark matter, which can
really exist in extreme environments such as ultrarelativistic
heavy-ion collisions and possibly also neutron and/or quark
stars [43-58]. Interestingly, the Kondo effect is accessible
also in the lattice QCD simulations, as explained later in
details. We consider the situation that the heavy (charm or
bottom) quarks exist as impurity particles in the quark matter,
i.e., the gas composed of up, down, and strange quarks. In
the quark matter, the gluon exchange between a light quark
and a heavy quark provides the non-Abelian interaction with
the color SU(N.) symmetry, where N, is the number of
colors. This is called the QCD Kondo effect [43,44]. For
simplicity, we consider an ideal situation that heavy quarks
are distributed statically and uniformly as impurity particles
in quark matter [47,50,52,53]. According to the mean-field
calculation, a light quark and a heavy quark are mixed to form
the so-called Bogoliubov quasiparticles with a gap (or mass),
i.e., the condensate of the light and heavy quarks (Fig. 1).
The unconventional phase with such a nonzero gap is called
the QCD Kondo phase [47,52]. We also regard its ground
state as the QCD Kondo insulator (KI). Here, the ground state
possesses nontrivial topological charges due to the existence
of the monopoles induced by the Berry phase [52], so that we
may call this phase the fopological QCD KI.

In this paper, we discuss “exciton”” modes playing a funda-
mental role for transport phenomena in the QCD KI, which are
bound states induced by the attraction between a Bogoliubov
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FIG. 1. The schematic figures of the Bogoliubov quasiparticle
(q.p.) and the dispersion relations in the QCD KI (E, energy; k,
momentum). The linear (solid, dotted) lines are the free quark states.
The thick lines indicate the occupied states below the Fermi surface
at E=0. The arrows in (i) and in (ii) indicate the QCD Kondo
excitons.

(quasi)particle and a (quasi)hole. We call them the QCD
Kondo excitons, or just the Kondo excitons for short. In
Table I, we summarize the possible properties of the Kondo
excitons. We emphasize that such excitons can be neutral
in color (1) and/or in electric charges (0), while they can
also be colorful (8, 3, 6) and/or electrically charged (£1).
If neutral excitons appear, there can exist neutral currents
carrying only heat and sound waves without conducting color
and electric charges. The neutral currents can be observed as
violation of the so-called Wiedemann-Franz law between the
electric and thermal conductivities (see e.g., Ref. [30]). Such
phenomena are definitely distinguished from the conventional
situation in normal light-quark gas that any current should
inevitably accompany the movement of color (3) and electric
charges (4+2/3, —1/3). In the present paper, we study the mass
spectrum and the energy-momentum dispersion relations of
the QCD Kondo excitons, and show that there exist various
types with different quantum numbers (J¥: the total spin J
and parity P).

This paper is organized as follows. In Sec. II, we introduce
a model to describe the QCD Kondo effect. In Sec. III,
we show the procedure to derive the appearance of Kondo
excitons and the resultant dispersion relations for them. In
Sec. IV, we conclude our paper and comment on discussions
which are not covered in the present paper.

II. MODEL

We start with the Nambu-Jona-Lasinio (NJL)-type La-
grangian describing four-point interaction between the light

TABLE I. Properties of the carriers in the normal phase and the
QCD Kondo phase (KE: Kondo exciton). For Ny=3, Q,=+2/3
and Q,=Q;=—1/3. The normal phase means the noninteracting
light-quark gas (N, flavors). The asterisk in “1*” indicates that the
light flavor is mixed with the heavy flavor. We show possible color

representations, 8, 3, and 6, which are not covered in the present
paper.

Normal QCD Kondo phase
Carrier q q Dressed KE  Half-dressed KE
Color 3 3 1,(8,3,6) 1,(8,3,6)
Flavor no. Ny Ny—1 1* Ny—1
Elec. charge Q, 0, 0 0, 1
Spin (parity) 1/2 1/2 0%, 1%, ... 0%, 1%,

(massless) quark and the heavy quark [43,47,49,52]:
L =Pai0, 9" + 1yo)a + Whidg¥ — A(WTW — np)

+ GV + [Vaiys W + [Yay V1> + [Py ys W],
(1

with the time-space derivatives 9, (u =0, 1,2,3) and the
Dirac matrices 1y = ¥°, y; = —y' (i=1,2,3), and ys. The
symmetry is governed by the chiral symmetry for the light
quark and the spin symmetry for the heavy quark. In the first
line, v, is the relativistic spinor fields for the light quarks
with the chemical potential u (Ny flavors: a =1, 2, ..., Ny),
and V¥, = wj 0. Notice that the repeated indices are summed
over. ¥ is the nonrelativistic spinor field for the heavy quark
defined in the rest frame in the context of the heavy quark
effective theory (HQET) [59,60] (see also Refs. [61-63] for
reviews). According to the prescription in the HQET, the
mass term of the heavy quark is omitted. We suppose that
the heavy quarks, which are regarded to be sufficiently heavy,
exist as impurities with the number density ng, and introduce
) as a Lagrange multiplier to keep the constraint WTW = n,
satisfied always [47,49,52]. In the second line in Eq. (1), the
interaction terms with the coupling constant G are obtained in
the leading order of the large N, expansion for the interaction
deduced by a one-gluon exchange with the electric Debye
mass as the leading order for the quark-gluon coupling in
the QCD [44]. We comment that the interaction strength in
Eq. (1) can generally be different from that estimated from
other approaches, e.g., an interaction induced by instantons
[64,65], and others [66—70]. However, such a quantitative dif-
ference does not change our conclusion (e.g., the appearance
of neutral currents) qualitatively.

In order to search the ground state, we rewrite the La-
grangian (1) by introducing the auxiliary fields

Oq = Gl/;aqj’ g = Glﬁai)/s‘l",
Vi=Gyay'V, AL=GYay'ysY, 2)

for the bosonic excitations composed of the light quark and
the heavy quark (the heavy-light modes) as the effective
degrees of freedom at low energy. Then, the generating
functional for the Lagrangian (1) is expressed by functional
integrals in terms of o,, 7,, V/, and A’ in addition to v, and
W. For the ground state, we introduce the mean-field approxi-
mation in the so-called hedgehog ansatz fora = 1: (o) = A
and (V/) = Ak’ with the condensate (complex amplitude) A,
and the others zero [47,52] . Here k! = ki/k (k = |k|)is a unit
vector along the direction of the (residual) momentum. With
this ansatz, we find that the light quark for @ = 1 and the heavy
quark are superposed to form the Bogoliubov quasiparticle,
and that the energy-momentum dispersions are

Ejzém—u+xi/@—u—xf+&Am (3)

for the positive-energy states and £ = —k — . for the
negative-energy state. Notice that, in Eq. (3), flavor mixing

!This ansatz is also applicable to the case of a single heavy quark
[49].
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is induced by the strong coupling in the Kondo effect. The
other light quarks for a = 2, ..., Ny remain to be free states
with the energy-momentum dispersions E; = k — u and E;.
We denote v, for the particle-state and ! for the hole state
(a=2,...,Nf).

Upon the above treatment, we obtain the effective action
Ceie[{P}; A] by performing the loop expansion at the leading
order. Here {®} stands for o, 7, Vai, and A; collectively as the
deviation from the mean field. The ground state is determined
self-consistently by the gap equation 0V.x[A]/dA = 0 stem-
ming from the saddle-point condition for the effective poten-
tial Ve defined by Ceer[{D = 0}; Al = —Vegr[A]V with the
time-space volume V. In the following analysis, we set > = 0
for simplicity, and denote 4" for a quasiparticle with E 1<+ >0
and i~ a quasihole with E, < 0. Numerically solving the
gap equation, we obtain |A| = 0.0845 GeV at u = 0.5 GeV
by choosing the conventional parameters, G = 9.47 GeV >
and the three-dimensional cutoff A = 0.65 GeV for the loop
functions [47,52]. In the weak-coupling limit, the condensate
can be expressed approximately by the analytic form, |A| =
o exp[—2712 / (4NCG1,L2)] with the dimensionful coefficient «
[47,52]. We investigate the dynamics of the excitations, {®},
as the quantum fluctuations around the ground state. The
detailed computations to derive the dispersion relations for the
Bogoliubov quasiparticle and to search for the ground state are
provided in Appendix A.

III. CALCULATIONS AND RESULTS

First, we focus on the excitation modes between the Bo-
goliubov quasiparticles and holes (7%) in a = 1. We call them
the dressed Kondo excitons. The inverse propagator is given
by the second derivatives of I'ei[{P}; A] with respect to .
We find that there are four independent channels, (o, V3,
(w,A3), (V1, A?), and (V?, A!), when we choose the direction
of the exciton’s propagations along the third axis of the space
coordinate, where we omit the indices a for simplicity. We
notice that ® and ®' can mix with each other.?2 We find
that the mixings in (V!, A?) and (V2, A') are induced by the
term proportional to €/%¥3'VJ/A* (i, j, k = 1, 2, 3). The inverse
propagator for (o, V?), for instance, takes the 4 x 4 matrix in
momentum space:

DJTU DUTV3 DJTGT DGTV“
D1 _ DV”U Dv3fv3 szfﬂ Dv3‘rv3’f @
Vi Daa DUV3 DUUT D(;V3T ’

Dys,  Dysws  Dysyi Dy

in which the matrix element D, 1, (g) with four-momentum

q = (qo, q) is defined by
8 Tere[{P}; Al
861(p) 86 (q)

where 6 (p) with four-momentum p is defined by the Fourier
transformation of o, and the other elements are also defined.

=D,1,(9)27)*8*(p + q). ()

2We remark that the channel mixings, such as o and V3 in (o, V3).
These anomalous effects reduce the masses of both the dressed and
half-dressed Kondo excitons, in which the latter will be shown later.

continuum

0.20y%§

o

}(Vl A%)or (V2 AY)

FIG. 2. The dispersion relations for the dressed Kondo excitons,
(g0, q) with g = |q|, in light flavor a = 1. See also Fig. 1(i).

The inverse propagators D D\j ., and D_z 241 AT€ obtained
just as in Eq. (4). The detaﬂ of the matrix elements of
the inverse propagator is shown in Appendix B. The dis-
persions for the dressed Kondo excitons are given as the

solutions of det(D V;) =0, det(D Ag) =0, det(D

and det(DV2 Al ) = 0, respectively, in each channel.

We show the numerical results of the dispersion relations
(90, ¢) with ¢ = |q| in Fig. 2. The gray region indicates a con-
tinuum regime for a pair of 7+ and 4~. Under the continuum
region, there are the dressed Kondo excitons in (o, V3) and
(1, A3), as shown by the blue and red curves, respectively. The
dispersion relations in (V!, A%) and (V2, A"), which are shown
by the purple curves, coincide with each other due to the
rotational symmetry on the transverse plane perpendicular to
the third axis. Those Kondo excitons are the bound states of a
pair of A and A~ below the thresholds, and they have no open
channel for decays. At the vanishing momentum (|g| = 0),
there exist three dressed Kondo excitons with masses m; =
0.175 GeV (quintuply degenerate), m, = 0.201 GeV (triply
degenerate), and m; = 0.223 GeV (triply degenerate). In this
limit, the channel mixings such as between o and V? are
independently resolved: the m; state is given by either o,
7, or A', while the m, and mjs states are given by any of V'
(i=1,2,3).

Second, we consider the exciton modes between it and
V! as well as between h~ and v, with the light flavor
a=2,...,Ny. We call them the half-dressed Kondo excitons,
because one of the fermions composing the exciton is a free
quark. In this case, the boson number is conserved, and hence
the inverse-propagator alternative to Eq. (4) takes the form

VIAZ) -

D:rT(r D;TV3 0 0
D= D/VO”” D,V(S)*V} D,O D,O . ©®
oot N oV3t
0 0 D, . Dy
with the matrix elements defined simllarly to Eq. (5), and so
are the other inverse propagators D'~ A}, D‘//l/iZ? and D{, /11,

where the indices a =2,...,Ny in o, 7, Vi and A’ are
omitted. The conservation of the light flavor (a) and the

heavy-quark spin yields the simple relations D’ V13 =D, =
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FIG. 3. The dispersion relations for the half-dressed Kondo ex-
citons, (qo, q) with g = |q|, in light flavor a =2, ..., Ny. &' de-
notes (o, V?), (,A3), (V!, A?), and (V2, A') collectively. See also
Fig. 1(ii).

D\, = D;y,- Thus, we find that the matrix in Eq. (6) is
separated into the two sectors represented by the top-left sub-
matrix and the bottom-right submatrix. Each sector includes
the propagation of the excitation of Aty ! (®') or Ay,
(@'") fora=2,..., Ny, where ®' denotes (o, V?), (7, A%),
(V', A?), and (V2, A") collectively. As is the case with a = 1,
the detail of the matrix elements of the inverse propagator is
shown in Appendix B.

We show the numerical results of the dispersion relations
for the half-dressed Kondo excitons in Fig. 3. The green (or-
ange) curves correspond to @’ (CI)/T). The gray region indicates
the continuum regime for a pair of 2+ and v in @’ as well

as for a pair of 7~ and v, in @'T. At the vanishing momenta,
we find the two types of half-dressed Kondo excitons with
the masses m; = 0.100 GeV (eightfold degenerate) and m), =
0.108 GeV (eightfold degenerate), respectively. The mass
difference between the two modes stems from the violation
of the particle-hole symmetry.

We observe some differences between the dressed Kondo
excitons (¢ = 1) and the half-dressed Kondo excitons (a =
2, ..., Ny). First, there are many branches of the dispersion
relations in the dressed Kondo excitons, while most of them
are degenerate in the half-dressed Kondo excitons. This dif-
ference stems from the nonconservation or the conservation
of the boson number. Second, there is a tendency that the
excitation energies of the dressed Kondo excitons are higher
than those of the half-dressed Kondo excitons. This result
indicates that, in Ny >2, the dressed Kondo excitons are the
higher-excited states, while the half-dressed Kondo excitons
are the lower-excited states.

The Kondo excitons considered in this paper are neutral in
color, and hence there is no color current at low energy. As for
the electric charge, there are subtle differences between the
dressed and half-dressed Kondo excitons. The dressed Kondo
excitons are neutral in electric charge, while the half-dressed
Kondo excitons are either neutral or charged. For example,
when the electric charges of AT and v, U(or i~ and Y,) are
different, the exciton is electrically charged (Table I).

IV. CONCLUSIONS AND DISCUSSIONS

We have shown the properties of the QCD Kondo excitons
as the excited states in the QCD KI, and that they can induce
neutral currents for color and/or electric charge. This will play
a crucial role in the transport phenomena in the QCD KI.

Some discussions are ready for the present treatment of
the QCD KI. First, in the construction of the Bogoliubov
quasiparticle, we assumed that the electric charges of the
light quark and the heavy quark are the same. If the electric
charges are different from each other, we would encounter
a problem of the spontaneous breaking of the U (1) gauge
symmetry for electric charges, i.e., the Higgs mechanism.
We have to reformulate the procedure of analysis by con-
sidering the gauge field as a dynamical degree of freedom.
Second, we have ignored the color superconductivity induced
by the attraction between two light quarks [71-73] (see also
Refs. [74-77] for reviews). Though the superconductivity gap
is suppressed in the large N, [78], we will need to carefully
examine how the color superconductor at O(1/N,) would
affect the QCD Kondo excitons. Note that the condensate and
the excitons in the QCD KI are color neutral, and hence they
survive in the large N, limit. Third, we have not considered
the surface effect, i.e., zero-mode fermions at the surface of
the topological QCD KI. Such zero modes can contribute to
the transport phenomena.

We mention the applicability of numerical simulations in
the lattice QCD formalism to the QCD KI in special settings.
Notice that the condensate and the excitons in the QCD KI are
color neutral, so that they are gauge-invariant observables. We
consider the ud quark matter at zero baryon chemical potential
and nonzero isospin chemical potential. This system can be
simulated by avoiding the difficulty of the so-called sign
problem [79-82]. When the heavy quarks exist as impurities,
there will be the dressed Kondo excitons composed of u
quark holes and heavy quarks, or d quarks and heavy quarks.’
The correlation function of color-neutral currents, in which
the contribution from the dressed Kondo excitons should be
relevant, is the gauge-invariant quantities measurable in lattice
QCD simulations. The signal of the dressed Kondo excitons
can be distinguished from that of the confining heavy-light
(D or B) mesons, since the quark matter at a large isospin
chemical potential should be the deconfined phase.

In recent studies, new types of the QCD Kondo effect were
proposed: the QCD Kondo effect in strong magnetic fields
[45] and the QCD Kondo effect induced by the gapped quark
in the two-flavor color superconductor [56]. They suggest that
the QCD Kondo effect can emerge in various environments
relating to the strong interaction. There are also many other
topics: the Kondo resonance for a single heavy quark [49],
the competitions between the QCD Kondo phase and the
chiral condensate [53] or the color superconductor [50], the
conformal theory for the Fermi and non-Fermi liquids [51,55],
and the transport properties [54]. For more advanced studies,
we may consider the continuity from the Kondo effect in the
deconfinement phase to the Kondo effect for heavy hadrons

*Notice that the pion condensate is competitive to the QCD Kondo
effect.
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in the confinement phase (nuclear matter) [43,46,48,57] (see,
e.g., Refs. [83,84] for review for heavy hadrons in nuclear
matter). We may raise a question whether the Kondo phase
in the quark matter is continuously connected to that in
the hadronic matter [44]. Applications of the QCD Kondo
effect to charm stars are also interesting [58]. Studying those
problems in terms of the Kondo excitons should be left for
future works.
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APPENDIX A: EFFECTIVE ACTION

To investigate the Kondo excitons in quark matter, we start
the discussion with the NJL-type Lagrangian describing the
four-point interaction between a light and a heavy quark.
This interaction was first applied to the Kondo effect without
nonperturbative contribution in Ref. [43], and then it was
utilized as a mean-field approach to study the nonperturbative
QCD Kondo effect [47,49,52]. The Lagrangian is given by

L =9,G §+ pyo)Va + lidgw — a(WTw —np)

+ Gl Y + |Yaiys Y * + [y W1 + [Vay ys VI,
(A1)

with § = y*9,, and V¥, = ¥[y°. The summation is implicitly
taken when the indices are repeated. In this Lagrangian, v,
(a=1,2,...,Ny) and W are the light quark fields with N
flavors and the heavy quark field carrying only its particle
degree of freedom. v, is a four-component spinor, and W is
a two-component one. u is a light quark chemical potential
and X is a Lagrange multiplier for the condition WTW = n,
(ng, a space-averaged number density of heavy quarks) being
always satisfied [47,52].

To describe bosonic degrees of freedom, we introduce
auxiliary fields

0a =GPV, m,=G,iysV,

Vi=GP.y', AL=GYay'ysY, (A2)
for the heavy-light modes, in which oy, 7,, V!, and A’ are the
scalar, pseudoscalar, vector, and axial vector, respectively. For
the ground state, we assume the so-called hedgehog ansatz in
the momentum space:

(o) =A, (V)= Ak, (A3)
where k' = k' /k (k = |k|) with k the three-dimensional mo-
mentum fora =1, and (0,) = (V,;) =0fora=2,3,...,Ny

[47,52]. A is a constant mean field the value of which should

be obtained by solving the gap equation. Thus, after perform-
ing the Hubbard-Stratonovich transformation (bosonization)
in terms of the auxiliary fields (A2), the Lagrangian (A1) turns
into
(41
Y2
L= v - oy, DG +V)

YN,
W
1 . .
- 5lAT @ =iV V) + Alo] +iV-V])]

. . 2
(loal? + Imal® + |V + [AL]7) — GIAP +ang
(A4)

1
G
(—iV = —iV/| — iV| with V being the derivative in the three-

dimensional real space), where G~ is an inverse-propagator
matrix for a quark expressed in the flavor space

gﬁl 0 0 g;}ll
0 g2—21 . 0 0
gl=\: : : ) (A5)
0 0 Gy, O
G 0 0 Gy
with
_ i3 + V-
g = (l—(;'V%lTL —;ao ‘_’M) (@a=1,2,---,Np), (A6)
A*
-1 _
glh (A*lﬁo—>’ (A7)
Gi'=(a —AiV-0), (A3)
G = (80 — 21 (A9)

(1 is a 2 x 2 unit matrix), and V denotes the terms for the
fluctuations of the heavy-light modes (o, 77,4, V,, and A))

0 o .- 0 Vin

0 o .- 0 Vain
V=1 : : : , (A10)

0 o .- 0 )

Vit Vi - Vw, O
with
i T
_ ([ %a +Aa'a

Van = (irrj - Vl-a)’ (ATD
Vha = (Oa +Au -0 ina + Vu . a)a (A12)

fora=1,2,...,Ny. o' (i = 1,2, 3)is the Pauli matrix. Since
Y, is a four-component spinor and W is a two-component one,
as mentioned before, we notice that G~! and V are (4N '+
2) x (4Ny + 2) dimensional matrices. In obtaining Eq. (A4),
we have employed the Dirac representation for the gamma
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matrices:

ys = (? (1)) (A13)
By diagonalizing the fermion part in the Lagrangian (A4),
we can show that the free fermions (without the mean field)
and the Bogoliubov quasifermions with the mean field appear.
Their energy-momentum dispersion relations are obtained by
solving the equations, det(G~') = 0, where G~ is the Fourier
transformation of G~! in momentum space. The results are

1
E,}EE[k—;uru:\/(k—u—x)2+8|A|2],

Ey =~k —p, (A14)
fora=1, and
Ex=k—p,
E, = —k—p, (A15)
fora=2,3,...,Ny. Theresults fora = 2,3, ..., Ny are the
same as the free ones since ¥, (@ =2,3,....,Ny) is not

affected by the mean field at the leading approximation. In
the following analysis, in order to examine the appearance of
the QCD Kondo excitons in a transparent way, we will take
A=0.

For the Lagrangian (A4), we obtain an effective action
Cee[{P}; A] at the one-loops of the quarks, where @ denotes
the o,,, 4, V/, and Al collectively, which yields the following
form:

e [{®}; A]
=—iTrln(G"' + V)

1 . .
- 5/d4x[A*(a] —iV-V)+ Alg] +iV-V])

0}; A]/V. As a result, the gap equation is
A dk 1 .
@) (k= pP +8lAR G

in the momentum space, where a three-dimensional cutoff A
is introduced for regularizing an ultraviolet divergence (k €
[0, A]). In obtaining Eq. (A18), we have included an infinites-
imal imaginary part in the quark propagator appropriately
to incorporate the existence of the Fermi surface as shown
later. When we choose u = 0.5 GeV, G = 9.47 GeV~2, and
A =0.65 GeV, the magnitude of the gap turns out to be
|A] = 0.0845 GeV by the gap equation (A18) [47,52].

2N,

0, (A18)

APPENDIX B: KONDO EXCITONS

To investigate the Kondo excitons, we need to take a second
derivative with respect to ®. For this purpose, let us expand
the effective action (A16) up to the quadratic terms of & in
the momentum space, where ® is the Fourier transformation
of ®. By making use of

1
In@G'+V)=n@G) "' +GV - SGVGV+--, (B

and converting this relation into the momentum space, we
obtain the effective action in terms of &:

Ter[{®); A] = Ter[{® = 0}; A]

i d*k d*q
— ~tr

2" | Gyt @y VD

d*q
Q)
+ 7 @P + IVi@P + A} + -+
(B2)

- - 1
x Glg+RV@) - - / (16.()

in which the gap equation (A18) has been utilized, and we
have defined |)?,,(q)|2 = Xa(—q)TXa(q). The symbol “tr” in
Eq. (B2) stands for a trace operator over the flavor and Dirac
indices. G(k) is a propagator matrix for the (quasi)fermions in
the momentum space. This is obtained by the inverse matrix
of the Fourier transformation of Eq. (AS5), and takes the form

i|2 i2
+ loal® + |mal* + |[VI|” + |AL|” +21A1],  (Al6) o
where “Tr” represents the trace over the space-time coordi- G 0 ... 0 G
nate, flavors, and Dirac indices. At the mean-field level, we 1 N 1
find that Eq. (A16) becomes 0 Gn - 0 0
2V G = , B3
Farl{® = 0); Al = —TrInG~) — 22 |AP,  (AI7) o= L )
G ~
. . . . 0 0 gN/N/ 0
with the space-time volume V. The gap equation to determine % 0 ... 0 G
the ground state can be obtained by 0Vig/9dA = 0, where h hh
Verr 18 an effective potential defined by Ve = —Teg[{P = where the matrix elements are given by
‘ A~
Gii (k) = 1 (ko + wko — |A]>  —[kko + |A]*)k-0 (B4)
1K) = = ; ; B A )
(ko — Ex — in)(ko — E 4+ in)(ko — E_ —in) \ [kko + |APlk-0 —(ko + wko + |A]?
. 1 0 — k) 0k — ) )(ko-l-,u ~k-o )
wa(k) = — - - =2,3,...,Ny), B5
Gaa (k) ko—Elj—iTI(ko—Ek—lT]+ko—E1<+lTl k-o —ko — 1 (a 7 (BS)
~ 1 —A*
k)= A , B6
9= G TEF T imtke — B — i) <—A*k-a> Bo
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~ 1 R
k) = —A Ak-o), B7
O (k) %—W+m%—q—m( %) G7
- ko — k
G (k) = (ko — ke + ) (BS)

(ko — Ef +in)ko — E, —in) "

with k = k/|k|. In the above expressions, we have inserted an infinitesimal imaginary part +in or —in (n > 0), when the
pole of each dispersion lies above or below the Fermi surface, respectively, to incorporate the existence of the Fermi surface
appropriately.

Inverse propagators for the fluctuations of heavy-light modes in the momentum space are derived by taking a second derivative
with respect to @ in Eq. (B2). When we take the direction of the QCD Kondo exciton’s propagations along the third axis, we find
that four independent channels of (o, Vf), (4, AS), (V;,Aﬁ), and (Vaz, A;) exist due to the parity invariance. The energy and
the three-dimensional momentum for the QCD Kondo excitons are expressed by gg and g, respectively. After some calculations,
in each channel, we obtain the inverse propagators for a = 1, which corresponds to the dressed Kondo excitons:

P(r1 o1 ~o Vi ?U]Ta;r ?alfV]” IZ Z-9 II I7
1o D_Vl”m D_Vl”vl3 D_ vilof D_ vitvi | | Zo In Ig  Is (B9)
V' Doy Doy Dyt Doyt | | T Ty I T |
DV,3 o DVﬁ VP DV13 O,l“r D V3 VIST I7 Is 7 10 I3
Dn;rm DT[FA? Dnﬁnf DTIITA‘?T IZ _lI() IG _lIS
—— Dyin Dgigs Dgtni Dptgr | |iZe L,  —il; T (B10)
mA4 T Doy Daay Dot Doan | | Te T Iz iLp |
Dyny  Daay  Dyppt Dy ily Ly —ily I3
DVIWVII DVI] a2 Dv]‘*vl‘* Dvl‘* A I iZo 14 iTg
—— D_Affvll D_A%tA% QA?TVIIT le%TATf |- L, i T B11)
viay T Dy Dy DvllvllT Dvll A B —il; Iz =iy |’
Dpvi Dpy DA%VIIT _A%Aff —iZy L1 iLvw I3
DVIZT V2 D_VIZT Al DVIZT yat Dvlﬂ AT L —il 74 —ilg
—— DA}TVIZ DA}TA{ DAifvlzr DA%TA%T _ iTy 1> —ily A B12
VAT [ Dvve Dy Dyt Dy | T i L il | B
Dy Dy _A}vlzf DA{A}T iZy Ly —ily I3

with the functions defined by

2|A|2 A 5 1 1
=2 | akk | dr|——— S S
@r 7 Jo DNE —ED @+ Ef —E D@0+ B —E, —in)

1 !
+ — — 1, (B13)
(90 — Ef + E ) qo — E +E_ +inE! —E;)
2 A ! (ES +wES — AP qo + Ef — Ex,)
Iz = —2/ dkk / dt ¥ = +7 — = ¥ ¥ = ¥ — ;
(2'”) 0 —1 (E]L - Ek,)(E]L - Eki)(qO + Ek, - Ek+)(f]0 + Ek, - E'kJr - ”7)
B [(qo — E{. — 1)(qo — E) — A WE — Ex) } 1 B14)
(o — E; + Ev+im(qo— E¢ +E/ a0 —E; +E_ +imE —E)] G
2 [(qo + Ef + m)(qo + Ef) — ANES — E)
I3 = —2 dkk dt ¥ — ¥ = " ¥ ¥ T — "
(27[) 0 -1 (E]L - Ekf)(% + Ek, - Ek+ - ”7)(510 + E]L - Ek+)(610 + Ek, - EkJr - ”7)
(B + wE — A%(qo — Ef +Ex ) } 1 B15)
(90 — Ef +E ) qo — Ef +E_ +inE —E)ES —E )] G
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2 k22
I, = 214 f dka/ dt{ — kk+( ¥ 4)
@y (B —E. g0+ E —E ) qo + Ef — E, —in)

kk( Kt + 4) }
D)

+ - —
(90 — Ef +E ) qo — E +E_ +in)E —E

+

2 —[@* — DHk* - &
7.2 2 / dka/ dt{ ] ,w(,[(+ +> rl
(@n)? (ES —E )Nqo+E —Ef)qo+E —E_ —in)

2
. el - e - ] |
(90 — E{ +El)qo — Ef +E_ +in(E; —E)

B 2|A|2/ dkk2/ d{ e (= %)
= 2 ! - + + + -
(2 ) (E Ekf)(CIO +Ek, Ek+)(610 +Ek, - Ek+ - ”7)

k+]k, <k2 o %2)

(90 — E +ES ) qo — Ef +E_ +i77)(E,:—E,;)}’

I = 2|A|2/ f dt{ (ke +19)
Q) (Ef —E_ )(qo+E+ Ef)qo+ES —E; —in)
(ke + %)
(qo—E++E+)(qo—E++E + in)(E —Ek)}
852|A|2/ dka/ dt{ e —3)
Qn)? (ES —E )(010+E+ Ef)qo+Ef —E_ —in)

i (kt — %)

+ - —
(90 — Ef + E ) qo — E +E +in(E] — Ek+)}

2 A kB + 18P G0+ B — Ee ) (ke — 9)
IgE—Z/dkk/dt — — —
@7 Jo (Ef —EOES —E )0+ Ef —E- g0+ B —E_ —in)

[k_ (qo—E+>—|A| WE —E)E(kt — 1) }
(qo —ES +E +inq —E +E} )(qo —ES +E_ +in)ES —E_)
2 Aot [ki(qo + EF) + IAPIE — Ex ) (kt + 2)
Ilos—zfdkk/dt — — — e —
Qn)? Jo 1 VES —E ) qo+E —E¢, —in)qo+E" —E )q+E —E —

(k+Ekt + [A1*) (g0 — Ekt + Ek_)i(kt 4 %) }
(@0 — Ef +E )0 — Bf+ B +i(E — B, - E)

where k1 = k & ¢/2. In the calculations of the matrix elements, for example, Dafm is defined by
1

8 Te[{D}; Al

D_: (9)27)*8*(p+ q).
551(0)861(@) oy 7"

Similar equations hold also for the other channels.
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Fora =2,3, ..., Ny for the half-dressed Kondo excitons, the quark inverse propagators, which are alternative to Egs. (B9)—
(B12), are
D_UaT Oq DGaT V3 DUJ Gaf D fVH— ‘72 ‘79 O 0
D 3t D 3t D 3¢t D 3,31 0 0
D, = | e v Dl Bt Jo T2 , (B24)
TaVa D 0a0a D A Da(,aj DGQV:T 0 0 Is Jo
DV3(7“ DVH3V3 DV:UJ DV;V:T 0 O jl(] t-73
_J'[a T, DﬂjA3 DT[TTET Drr,jA \72 —h79 0 0
D s Dyt Dyt + Dyt i 0 0
D_1A3 I aHED avtas Palta] “AiTA _ Jo V) ' (B25)
Talla Dﬂaﬂu DﬂnA?, Dm,rrj Dm,AzT 0 0 ‘73 l‘710
Dyn,  Daay Dy DAﬁ,AiT 0 0 —iJio J
DW”V‘ DV“ITAZ DV,,”V” DVawAtzi NG iJy 0 0
sz Dzy D 251 Dz' 2% —1 0 0
pot, = [ av ale et Satt| ) =g S _ (B26)
Whs | Dvavy o Dviaz Dywyir Dy 0 0 B —idw
Dyyy Dy D A2yt D A2A2t 0 0 iJw N
DVG”V} DVMZTAI DVG”V(?T DV“ Lt T =iy 0 0
Dliz Dw lezt Dltlt i 0 0
I L L Jo D . (B27)
DV}V} DV2A1 DVaZVHZT DVazA[l’T 0 0 \73 1\710
Davz  Daay A2 ALt 0 0 =i I
with the functions defined by
7 / dka/ dt{ —(q0 — E; — W(E — Ex,)
2 = = ; ; -
2n)* Jo -1 o —Ef +Ex +inqo — Ef +Ec +i0(n—k)n(ES —E)
0k — W(Ex_+ w)qo + Ec— Ey,) } 1 ©28)
(Ex. = Ex)qo+ Ex. — Ef )qo+ E. —E —im) G
2 A 5 (! (g0 +E +w)(E —E)
J=>— / dkk / dt = - — — - —
27)* Jo -1 (g +E —Er, —in)qo+E —E, —i0(uw—kn(E —E )
B Oky — w)(Er, +u)(qo — Ex, +Ey) } 1 (B29)
(Ex, — Ex,)(qo — Ex, + E;" )(qo — Ex, + E_ +in) G’
(EjL — Ep )kt — 1
ng—Z/ dkk2/ dt{ — & ++( %) S
2m)* Jo -1 (q0 — E + Ex +in)(qo — E; + Ex +i0(n — kn)(E — E; )
k- —10(qo + Ex — Ex)(kt — §) } (B30)
(Ek —Ex )qo+E. —Ef )qo + Ex. — E;_ —in)
2 A 1 (Ef —E )kt + 4
jloz—2/ dka/ dt{ = ( ?) —
(2m)* Jo -1 (go +E — Ex, —in)qo + E — Ex, —i0(u —kn(E” —E; )
0tk = o — Bk + Bkt + ) } ®31)
(Ex, — Ex, )(qo

— Er. + Ef )(q0 — Ex, + E; +in)

The channels of (o, V3) (JTa,A3) (V1 A2) and (V2 Al 2) are independent of each other: The energy -momentum disper-

sion relations for the dressed Kondo excitons are determlned by solving det(D V3) =0, det(D
and det(DV Al) = 0, while those for the half-dressed Kondo excitons are determined by det(D

det(Dy).) = 0, and det(Dy ;) = 0 (@ =2,3,.., Np).
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