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(Physics Department)
Kenji Fukushima (2013.10 —)

(External Members supervising grad. students)
Osamu Morimatsu   (KEK)
Haozhao Liang   (RIKEN)

(Former Members leaving from Phys. Dept. after 2012.4)
Tetsuo Hatsuda   (moved to RIKEN in 2015)
Takaharu Otsuka (retired in 2017)

New Associate Professor (2020.4 —)
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Nuclei 
bound states of protons / neutrons

Atoms  
nuclei + electrons

Protons / Neutrons  
interacting via pions

Hadrons  
bound states of 
quarks / gluons

scattering exp.
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Liang Morimatsu Fukushima
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What is the origin of matter ?
— how matter is formed ? 
     (bound state problems)

— how matter gets mass ? 
     (“vacuum” structures)

visible
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What is the origin of matter ?
— how matter is formed ? 
     (bound state problems)

— how matter gets mass ? 
     (“vacuum” structures)

Quark/Gluon Confinement

Chiral Symmetry Breaking

visible

Sep. 27, 2015 @ QM15

QCD Phase Transitions

Confinement of Quarks and Gluons 

Dynamical Generation of Mass (chiral sym.)
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T ⇠ ⇤QCD

“Constituent” Quark 
Mq ~ 350MeV

“Bare” Quark 
Mq ~ 3~5MeV

percolation
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Quantum Chromodynamics (QCD)

L = �1

2
trFµ⌫F

µ⌫ +  ̄[i@µ�
µ �m] 

More than 90% of matter constituents and masses  
can be “derived” from QCD… in principle…

Need to combine various probes to attack QCD
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Examples of Approaches

 Models (low-energy d.o.f. / symmetry) 
□ Shell model / Cluster model 
□Chiral Effective Theories (based on chiral sym.) 
 Phenomenology (constraints from exp. data) 
□Neutron Star EoS 
□Nuclear Scattering Experiments 
 QCD-based Calc. with Hard Scales 
□High-T / High-density / Strong-B / Fast rotations 
 Quantum Anomalies 
□Chiral anomaly ~ non-perturbative consequences

11

Close contacts to cond-mat, elementary part., astrophysics
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Kenji Fukushima (2012.4 — 2019.3)
43 Publications (individual)

PRL  8   /   PRA  1   /   PRB  1   /   PRC  2   /   PRD  16 
PLB  4   /   NPA  3   /   AoP  2 
JHEP  2 
NJP  1 
PTEP  2 
AstroJ  1

+ group activities since 2014 (not coauthored with KF)

PRL  1   /   PRA  1   /   PRB  1   /   PRC  3   /   PRD  9 
PLB  3   /   NPA  1   /   NPB  2 
EPJ  1   /   PTEP  5   /   QG  1 
A.Astro  1

+ 5 invited review articles
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p

ρ

∼ ρ0 ∼ 10 ρ0 ∼ 100 ρ0

Nuclear
Models

CD

Equation of State is needed for the NS structures but…
Not calculable in the most  
relevant density regions!
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Neutron Star Observations  
Mass ~ Radius Distributions

How to constrain EoS ?
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Fujimoto-Fukushima-Murase (2019)

found a nonmonotonic 
structure in the speed  
of the sound  
(a hint to quark matter)

Solving the inversion problem with machine learning
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Abelian vortex.1 Thus one might envisage a join with a
continuous baryon velocity, as shown in Fig. 1(b), where a
boojum connects three hadronic vortices with three non-
Abelian CFL vortices [10, 11]. However, as we discuss in
this paper, one does not have to make a join involving
three vortices in the hadronic phase, but rather one can
make a baryon-velocity conserving join between a single
hadronic vortex and a single non-Abelian vortex in the
CFL phase, as shown in Fig. 1(c), without any need for a
boojum. To the extent that the various flavor quantum
numbers permit a smooth transition from the hadronic
to the CFL quark phase, angular momentum carrying
states remain consistent with quark-hadron continuity.

To spell out this picture in detail, we first discuss more
precisely the nature of quark-hadron continuity between
the hadronic and quark phases. On the deconfined quark
side the (ideal) CFL phase contains u (up), d (down),
and s (strange) quarks, all with the same mass, with a
Fermi sea equally populated with all three flavors and
all three colors of quarks. The corresponding hadronic
phase, three-flavor hyperonic matter, contains all mem-
bers of the light baryon flavor octet – n, p, ⇤, ⌃0, ⌃±,
⌅0, and ⌅� – all of the same mass. In the ground state
at finite density, the particles populate a Fermi sea with
all states of the octet equally present.

Both phases break chiral symmetry [1] and U(1)B, with
the same symmetry breaking pattern [SU(3)L⌦SU(3)R⌦
U(1)B ! SU(3)V]. In both phases BCS pairing leads
to breaking of U(1)B symmetry and superfluidity. The
hadronic dibaryon condensate is a flavor singlet formed
from two paired flavor octets. The CFL phase is usu-
ally described in the unitary gauge, in which the ground
state has a diquark condensate with the same color-flavor
orientation everywhere.2 In the hadronic phase, chiral
symmetry is spontaneously broken by a quark-antiquark
chiral condensate, producing a light octet of pseudoscalar
mesons, i.e., ⇡0, ⇡±, K0, K̄0, K±, and ⌘. The CFL con-
densate spontaneously breaks chiral symmetry, produc-
ing a light octet of pseudoscalar mesons [14–16]. Pre-
vious studies [2, 3, 17, 18] have established the conti-
nuity between the low-energy excitations of such three-
flavor hadronic and three-flavor quark matter.3 The nine
single-quark excitations of di↵erent colors and flavors can
be mapped, in the unitary gauge, onto the baryon octet
plus a baryon singlet which is usually not mentioned in
discussions of the confined phase because it is much heav-
ier than the octet baryons [3].

1
In Ref. [8] these configurations were referred to as “semi-

superfluid strings,” however we will call them “non-Abelian vor-

tices” to emphasize the presence of non-Abelian color magnetic

flux in the core combined with vortex-like global rotation of the

quark condensate.
2
With full three-flavor symmetry, CFL pairing is the most sta-

ble [12, 13].
3
This continuity is an example of the complementarity between

the confined and Higgs phases of a non-Abelian gauge theory

[19].
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FIG. 2. Schematic illustration of the smooth evolution of

a hadronic vortex into a non-Abelian CFL vortex. In the

hadronic phase, the phase of the condensate corresponding

to paired baryons (six quarks) increases by 2⇡ in winding

around the vortex core. In the CFL phase in the gauge-fixed

picture, one component of the order parameter picks up a

phase 2⇡ in winding, as shown. In the gauge-invariant picture

the phase of the entire six-quark order parameter changes by

2⇡ in winding.

One can further understand quark-hadron continuity
in terms of the anomaly-induced coupling between the
chiral and diquark condensates [20, 21]. The implica-
tions of quark-hadron continuity for the QCD phase di-
agram are reviewed in Ref. [22], and for neutron stars in
Ref. [23].

Figure 2 summarizes our results. In the confined phase
(upper half of the figure) the hadronic vortex carries an-
gular momentum via the circulation of a gauge-invariant
dibaryon condensate which acquires a phase of 2⇡ when
transported around the core. This vortex can be con-
tinuously connected to a non-Abelian CFL vortex [8] in
the CFL quark phase (lower half of the figure) where the
vortex has the same baryon circulation, but it arises in
the unitary gauge from three diquark condensates, one of
which acquires a phase of 2⇡ when transported around
the core. On the other hand, in the gauge-invariant pic-
ture, described in detail in Sec. IIID, the phase increase
is attributed to the entire six quark order parameter.

This paper is organized as follows. In Sec. II we re-
view the generic properties of vortices in a superfluid. In
Sec. III we discuss the vortex configurations that exist
in three-flavor hadronic and quark matter. After dis-
cussions of hadronic vortices in Sec. III A, we describe
two di↵erent vortex configurations that have been con-
structed in three-flavor quark matter, the Abelian CFL
vortices in Sec. III B and the non-Abelian CFL vortices
in Sec. III C. and then we show how the non-Abelian
vortex can be continuously connected with the hadronic
vortex. In Sec. IIID we show how these non-Abelian
vortices can be understood in a gauge-invariant descrip-
tion, and in Sec. III E we explore the consequences of
explicit breaking of the SU(3) flavor symmetry. Finally,
in Sec. IV we discuss the role of color magnetic flux. We
focus throughout on the properties of connecting single
vortices, and leave the discussion of an array of vortices

Alford-Baym-Fukushima- 
-Hatsuda-Tachibana (2018)

Hadronic Matter 
(Nuclear Superfluid)

Could be continuously changed 
(from the symmetry point of view)

Quark Matter 
(Diquark Superfluid)

Neutron star cores ~ Superfluids ~ Vortices
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make a baryon-velocity conserving join between a single
hadronic vortex and a single non-Abelian vortex in the
CFL phase, as shown in Fig. 1(c), without any need for a
boojum. To the extent that the various flavor quantum
numbers permit a smooth transition from the hadronic
to the CFL quark phase, angular momentum carrying
states remain consistent with quark-hadron continuity.

To spell out this picture in detail, we first discuss more
precisely the nature of quark-hadron continuity between
the hadronic and quark phases. On the deconfined quark
side the (ideal) CFL phase contains u (up), d (down),
and s (strange) quarks, all with the same mass, with a
Fermi sea equally populated with all three flavors and
all three colors of quarks. The corresponding hadronic
phase, three-flavor hyperonic matter, contains all mem-
bers of the light baryon flavor octet – n, p, ⇤, ⌃0, ⌃±,
⌅0, and ⌅� – all of the same mass. In the ground state
at finite density, the particles populate a Fermi sea with
all states of the octet equally present.

Both phases break chiral symmetry [1] and U(1)B, with
the same symmetry breaking pattern [SU(3)L⌦SU(3)R⌦
U(1)B ! SU(3)V]. In both phases BCS pairing leads
to breaking of U(1)B symmetry and superfluidity. The
hadronic dibaryon condensate is a flavor singlet formed
from two paired flavor octets. The CFL phase is usu-
ally described in the unitary gauge, in which the ground
state has a diquark condensate with the same color-flavor
orientation everywhere.2 In the hadronic phase, chiral
symmetry is spontaneously broken by a quark-antiquark
chiral condensate, producing a light octet of pseudoscalar
mesons, i.e., ⇡0, ⇡±, K0, K̄0, K±, and ⌘. The CFL con-
densate spontaneously breaks chiral symmetry, produc-
ing a light octet of pseudoscalar mesons [14–16]. Pre-
vious studies [2, 3, 17, 18] have established the conti-
nuity between the low-energy excitations of such three-
flavor hadronic and three-flavor quark matter.3 The nine
single-quark excitations of di↵erent colors and flavors can
be mapped, in the unitary gauge, onto the baryon octet
plus a baryon singlet which is usually not mentioned in
discussions of the confined phase because it is much heav-
ier than the octet baryons [3].

1
In Ref. [8] these configurations were referred to as “semi-

superfluid strings,” however we will call them “non-Abelian vor-

tices” to emphasize the presence of non-Abelian color magnetic

flux in the core combined with vortex-like global rotation of the

quark condensate.
2
With full three-flavor symmetry, CFL pairing is the most sta-

ble [12, 13].
3
This continuity is an example of the complementarity between

the confined and Higgs phases of a non-Abelian gauge theory

[19].

q

qq q qq q

q
qq
qq

FIG. 2. Schematic illustration of the smooth evolution of

a hadronic vortex into a non-Abelian CFL vortex. In the

hadronic phase, the phase of the condensate corresponding

to paired baryons (six quarks) increases by 2⇡ in winding

around the vortex core. In the CFL phase in the gauge-fixed
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One can further understand quark-hadron continuity
in terms of the anomaly-induced coupling between the
chiral and diquark condensates [20, 21]. The implica-
tions of quark-hadron continuity for the QCD phase di-
agram are reviewed in Ref. [22], and for neutron stars in
Ref. [23].

Figure 2 summarizes our results. In the confined phase
(upper half of the figure) the hadronic vortex carries an-
gular momentum via the circulation of a gauge-invariant
dibaryon condensate which acquires a phase of 2⇡ when
transported around the core. This vortex can be con-
tinuously connected to a non-Abelian CFL vortex [8] in
the CFL quark phase (lower half of the figure) where the
vortex has the same baryon circulation, but it arises in
the unitary gauge from three diquark condensates, one of
which acquires a phase of 2⇡ when transported around
the core. On the other hand, in the gauge-invariant pic-
ture, described in detail in Sec. IIID, the phase increase
is attributed to the entire six quark order parameter.

This paper is organized as follows. In Sec. II we re-
view the generic properties of vortices in a superfluid. In
Sec. III we discuss the vortex configurations that exist
in three-flavor hadronic and quark matter. After dis-
cussions of hadronic vortices in Sec. III A, we describe
two di↵erent vortex configurations that have been con-
structed in three-flavor quark matter, the Abelian CFL
vortices in Sec. III B and the non-Abelian CFL vortices
in Sec. III C. and then we show how the non-Abelian
vortex can be continuously connected with the hadronic
vortex. In Sec. IIID we show how these non-Abelian
vortices can be understood in a gauge-invariant descrip-
tion, and in Sec. III E we explore the consequences of
explicit breaking of the SU(3) flavor symmetry. Finally,
in Sec. IV we discuss the role of color magnetic flux. We
focus throughout on the properties of connecting single
vortices, and leave the discussion of an array of vortices

Alford-Baym-Fukushima- 
-Hatsuda-Tachibana (2018)

Neutron star cores ~ Superfluids ~ Vortices

Topological phase transition? 
Follow-ups using mathematical 
refinements (still controversial)
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[Visitors]

[Students / Postdocs]

[Long-term Visitings]

China,     USA,     Chile,     Croatia,     Italy (coming soon)
→ Staff at USTC → Staff at U.of Zagreb

G. Baym (Illinois),   W. Weise (TUM),   F. Gelis (Saclay) 
J. Pawlowski (Heidelberg),  J. Liao (Indiana),  Y. Schroeder (Chile), etc
World-leading researchers have visited us constantly

EMMI Professor at Heidelberg U. (1-2 months in 2016/2019)
Fudan Fellow at Fudan U. (1 month in 2018/2019)
Guest Visitor at Saclay (2 weeks in 2017)
Expanding collaborations exchanging students / postdocs

etc etc…
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Summary

Research Achievements 
□Working on cutting-edge subjects  
□One of the most productive groups in the world 
□ Individual activities by youngsters encouraged 
□ Interdisciplinary (in PRA/PRB/AstroJ…) 

International Visibility 
□ Long-term visiting invitations 
□ International students / postdocs / visitors 
□Organizing international conferences (LOC / IAC) 
□Grant evaluations for various countries
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