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Hadrons containing heavy quarks, i.e., charm and
bottom quarks, have attracted much interest in hadron
and nuclear physics. Accelerator experiments have
found rich spectra of heavy hadrons for conven-
tional states, three-quark baryons and quark-antiquark
mesons, and exotic hadrons having complex struc-
tures such as multiquark states and hadronic compos-
ite states1). Various structures of heavy hadrons are
generated by the nature of internal quark potentials
and/or hadron-hadron interactions which result from
fundamental phenomena of quantum chromodynamics
(QCD).
In heavy quark sectors, a new symmetry that has

not been appeared in the light-quark sector is expected
to be important. It is called heavy-quark spin sym-
metry2), and it emerges because of the suppression of
the spin-dependent interaction between quarks, which
is inversely proportional to quark masses. This sym-
metry leads to a specific feature: mass degeneracy of
heavy hadrons having different spins. In the case of
mesons, we find small mass splittings between spin-
0 pseudo-scalar mesons and spin-1 vector mesons in
experimental results, e.g., the mass splitting of BB∗

(∼45 MeV) in the bottom-quark sector is much smaller
than that of KK∗ (∼ 400 MeV) in the strange-quark
sector. The symmetry also affects decays and produc-
tions of heavy hadrons with different spins. Hence, the
heavy-quark spin symmetry plays a significant role in
heavy-hadron spectroscopy.
The spectra of heavy hadrons have been studied us-

ing various theoretical approaches, such as the quark
model and lattice QCD. In addition, we found that
the gauge/gravity correspondence3) is a promising ap-
proach because it provides powerful methods to deal
with strongly coupled theories.
The gauge/gravity correspondence has been applied

to investigate hadron spectra by introducing dynami-
cal quarks described by excitations on probe D-branes.
For example, N = 2 hypermultiplet flavors (= quark
multiplets) added to N = 4 SU(Nc) super Yang-Mills
theory are realized by introducing Nf probe D7-branes
on the AdS5 × S5 background ( generated by Nc D3-
branes) on the gravity side4). In this model, the quarks
are given as fundamental strings stretched between D3-
and D7-branes. The masses of pseudo-scalar and vec-
tor mesons are obtained as fluctuations of the scalar
and vector fields on the flavor D-branes4).

In the gauge theory holding supersymmetry, how-
ever, both pseudo-scalar and vector mesons are mem-
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bers of the same multiplet, and the masses are com-
pletely degenerate regardless of the value of the quark
mass. Even when the supersymmetry is broken by
finite temperature, Shark-Schwartz compactification,
etc, the supersymmetry is recovered in the heavy-
quark limit (i.e., in the UV limit) in most of the
top-down models. Hence, the presence of the heavy-
quark spin symmetry has not been obvious in the
gauge/gravity duality. In order to determine whether
the heavy-quark spin symmetry exists, we need to in-
vestigate meson mass degeneracies in theories that are
non-supersymmetric even in the UV region.

In this study, we propose a semi-bottom-up, de-
formed D3-D7 model. The background geometry is
deformed from the conventional AdS5 × S5 and ob-
tained as

ds2str = r2αηµνdx
µdxν +R2r−2β

(
dr2

r2
+ r2δdΩ2

5

)
,

(1)

eφ = g0r
−4γ , (2)

in the string frame, where R corresponds to the ra-
dius of AdS5, dΩ

2
5 represents the metric of S5, and φ is

the dilaton. Here r is the non-dimensional coordinate.
The background geometry is given in the UV leading
form and generally holds no supersymmetry or confor-
mal symmetry. We introduce 4 deformation parame-
ters (α, β, δ, γ) for the background, but they are con-
strained by several conditions so that the theory would
have physically reasonable properties. The standard
D3 background corresponds to (α, β, δ, γ) = (1, 0, 0, 0).
We investigate the spectra of the pseudo-scalar and
vector quarkonia at the limit mQ → ∞, computed as
the fluctuations of the fields on the flavor D7-brane
placed on this background.

We observed a slight mass difference between
pseudo-scalar and vector quarkonia, which is at most
� 1.5%, even in the non-supersymmetric analysis. The
mass degeneracy is found in not only ground states but
also excited states.
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Possibility of ferromagnetic neutron matter†

K. Hashimoto∗1,∗2

Ferromagnetic order in nature always attracts inter-
est for study as it manifests microscopic structure of
matter and materials. Among observed magnetic fields
in nature, perhaps the strongest stable magnetic field
is on the surface of magnetars, which goes up to 1015

[G] and more. The mechanism for generating such a
strong field is yet to be uncovered, and it is natural
to resort the origin to the high density of neutrons of
which the neutron stars consist. In fact, after the dis-
covery of pulsars, the possibility of ferromagnetism at
neutron stars was proposed. However, numerical sim-
ulations of neutron matter with realistic inter-nucleon
potentials have not shown the ferromagnetic phase. So
the possibility of the ferromagnetic phase at high den-
sity neutron matter, if exists in nature, waits for a new
mechanism of the spontaneous magnetization.

In this paper, we study the possibility of the ferro-
magnetic phase at high density of neutrons, by using
the simplest but general chiral effective action. Low en-
ergy dynamics of neutrons is governed by the chirally
symmetric interactions through pions and the spin-
magnetic coupling with magnetic fields. Our model
consists of dense neutrons coupled with neutral pions
and magnetic fields, together with the chiral anomaly
term. These are indispensable ingredients, and we will
see the outcome for the magnetic phase from this min-
imal model.

The reason for choosing the neutral pion is simply
for the realization of the ferromagnetism, as other pion
condensations such as charged pion condensation have
not been shown to exhibit a ferromagnetism. In ad-
dition, with a neutral pion condensation of the form
Π0(x) ∝ sink · x, a neutron lattice is formed with an
alternating layer structure (ALS)1), then the neutron
spins cancel each other, and macroscopic magnetiza-
tion would not emerge. In this paper, instead, we an-
alyze a neutral pion condensation of the different form
Π0(x) = q·x following Dautry and Neyman2), and gen-
eralize the study to include magnetic fields and QCD
anomaly.

Our study is motivated by the earlier work3) in
which, together with M. Eto and T. Hatsuda, the au-
thor proposed a mechanism for a ferromagnetic phase
at high density of neutrons. The mechanism utilizes
a neutral pion domain wall coupled to the magnetic
field through the QCD chiral anomaly. A spontaneous
magnetization was shown in3) in the approximation of
a single wall and one-loop neutrons. In this paper,
we generalize the idea, and study in the simplest chi-
ral model the Fermi energy of the dense neutrons and
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its back-reaction due to the pion condensation and the
magnetic fields. A successive array of the domain walls
can be approximated by the linear pion condensation
of Dautry and Neyman.

Let us summarize what we find in this paper.

• Toy model of neutral fermions.
First we provide a toy model of a neutral fermion
with a Zeeman coupling to magnetic fields. Un-
der the assumption of the spatial homogeneity, we
calculate the energy density of the ferromagnetic
phase and show that it is favored compared to the
ordinary fermion matter.

• Simplest chiral model and ferromagnetic order.
The toy model of the neutral fermions is the essen-
tial part of the chiral model of neutrons and pions.
We analyze the simplest chiral effective model of
dense neutrons and neutral pions, together with
the magnetic field coupling and the QCD anomaly.
We find that the neutral pion condensation of
form proposed by Dautry and Neyman is pre-
cisely in the same place as the magnetization,
under the assumption of the spatial homogene-
ity. The energy density of the ferromagnetic-pion-
condensation phase is lower than the ordinary
neutron matter at high density around ρ > 5ρ0

where ρ0 is The generated magnetic field is ∼ 40
[MeV] ∼ O(1017)[G].

• Comparison to ALS.
We compare our energy density with that of the
inhomogeneous ALS phase (which does not ex-
hibit a magnetization), and find that the ALS
phase is favored. The energy gain of the ALS is
by several times greater than that of our ferro-
magnetic phase.

• Axial vector meson condensation.
To seek for the possibility of the ferromagnetism,
we look at the axial vector meson condensation ac-
companied by our model. Indeed, any axial vector
meson plays the same role as the neutral pions,
and the axial vector meson condensation further
reduces the energy density of the ferromagnetic
phase significantly.
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