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Two-color QCD as a laboratory of cold and dense matter: 
Numerical experiments and effective models

Daiki Suenaga (KMI/Nagoya U., Japan)
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T

µ

Quark Gluon Plasma (QGP)

Color superconductor (?)

Hadrons

・QCD phase diagram

heavy-ion collision

mesic nuclei, E16 exp., etc.

Beam energy scan (at RHIC)

？？？？
no controllable 
experiment 
unknown

chiral symmetry restoration

Introduction
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T

µ

Quark Gluon Plasma (QGP)

Color superconductor (?)

Hadrons

HOT

DENSE

・QCD phase diagram

no lattice data
unknown

lattice QCD simulation

chiral symmetry restoration

Introduction

？ ？？？
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・Lattice study in dense QCD?
T

µ
？？

three-color QCD (our world) two-color QCD (imaginary world)

- Lattice sim. at density is not easy

sign problem

- Lattice sim. at density is possible!

sign problem disappears
thanks to            pseudoreality<latexit sha1_base64="Naip5vpU2IaSa1sv/MoVV1hTsgk="></latexit>

SU(2)c

<latexit sha1_base64="3Cxt/GbkZrw5/qBvbm0Q9Cvv8cc="></latexit>

Det(� ·D � µ�4 +m) 2 C× ◎

Introduction
with

<latexit sha1_base64="tNnBPSLeafzH0g0C7I9L2rXdZn0="></latexit>

Nf = (even)

<latexit sha1_base64="9ENPXPavA08x0ogWh4cwgY0J9nA="></latexit>

Det(� ·D � µ�4 +m)Nf � 0
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T

µ
？？

three-color QCD (our world) two-color QCD (imaginary world)

- Lattice sim. at density is not easy

sign problem

- Lattice sim. at density is possible!

sign problem disappears
thanks to            pseudoreality<latexit sha1_base64="Naip5vpU2IaSa1sv/MoVV1hTsgk="></latexit>

SU(2)c

- Baryon is made of three quarks - Baryon is made of two quarks

nucleon diquark baryon

<latexit sha1_base64="3Cxt/GbkZrw5/qBvbm0Q9Cvv8cc="></latexit>

Det(� ·D � µ�4 +m) 2 C

・Lattice study in dense QCD?

- Two-color QCD is a useful laboratory to explore cold-dense medium with lattice simulations

some differences

× ◎

Introduction
with

<latexit sha1_base64="tNnBPSLeafzH0g0C7I9L2rXdZn0="></latexit>

Nf = (even)

<latexit sha1_base64="9ENPXPavA08x0ogWh4cwgY0J9nA="></latexit>

Det(� ·D � µ�4 +m)Nf � 0
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・Phase diagram in two-color QCD (QC2D)

Buividovich-Smith-Smekal (2020)Boz-Cotter-Fister-Mehta-Skullerud (2013)

・・・

- Examples of simulation results of phase diagram in QC2D

- Currently at least four lattice simulation groups are active

- Ireland/UK group (Hands, Skullerud, …)
- UK group (Buividovich, ...)

- Russian group (Bornyakov, ...)
- Japanese group (Iida-san, Itou-san, …)

Introduction
quark-gluon plasma

BEC BCS

baryon superfluid phasehadronic phase

deconfined-like

confined-like

<latexit sha1_base64="E2nmX2q/5mdp86ZxUWZAO8kSqB4="></latexit>µq

<latexit sha1_base64="DRyqCOvFqCK+/oDB9fqEDoYYr8Q="></latexit>

T

<latexit sha1_base64="lruYTMO8YRAQLD/lzhfzNFk4ELw="></latexit>

m⇡/2

<latexit sha1_base64="dCdD3QldT92noQeMmytlqPz/fdk="></latexit>

h  i = 0

<latexit sha1_base64="HvVXGlI3kQ8icBbQdX5vFllBB8w="></latexit>

h  i 6= 0

<latexit sha1_base64="YmsDTSH+0fKVJyeKoyWg6XiYnyg="></latexit>

nq/n
SB
q ⇡ 1

<latexit sha1_base64="IxiWN6bL5zbjd0Vh8o510JOFAsc="></latexit>

nq/n
SB
q < 1

schematically
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・Phase diagram in two-color QCD (QC2D)
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<latexit sha1_base64="IxiWN6bL5zbjd0Vh8o510JOFAsc="></latexit>

nq/n
SB
q < 1
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diquark condensed phase
(baryon superfluid phase)

<latexit sha1_base64="zRTFS11oKVqHBoN98cbZ2C3G3lY="></latexit>

h  i 6= 0
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・Lattice results
- In addition to phase diagram, hadron mass spectrum, gluon propagator, transport coefficient,
EoS, sound velocity,                     , etc. have been simulated

<latexit sha1_base64="UtUr3BPYeAu2VIHxBLT/+vrcA0U="></latexit>

h ̄ i, h  i, hLi

- (i) Regard QC2D lattice simulations as useful “numerical experiments” of cold and dense QCD,
and (ii) give interpretation from symmetry viewpoints based on effective models 

My approach

My publications on QC2D
Gluon propagator: Suenaga-Kojo(2019), Kojo-Suenaga(2021), CSE effect: Suenaga-Kojo(2021), Sound velocity: Kojo-Suenaga(2022),
Kawaguchi-Suenaga(2024), Topological susceptibility: Kawaguchi-Suenaga(2023), Hadron mass: Suenaga-Murakami-Itou-Iida (2023, 2024),
FRG analysis: Fejos-Suenaga(2025, 2025), LSM with Nf=2+2: Sakai-Suenaga (2025), in preparations

<latexit sha1_base64="2ctn5cm3kP4ifYT7S+av/6yPqGc="></latexit>· · ·

Japanese group

Introduction

Suenaga (2025) (Review paper)

Talk by E. Itou on May 28
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Introduction
Lattice results on hadron masses Murakami et al (2023)

← pion

lighter than pion!

<latexit sha1_base64="b64cwZJRbMIy5hDtnWK1IZMkVwc="></latexit>

I = 0, 0� hadron

<latexit sha1_base64="1DRvP1oBFuNyftJhO5VI8RTQN/M="></latexit>

(I = 1, 0�)

0+ mass 0- mass
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Lattice results on hadron masses

Introduction

lighter than pion!

- Pion is no longer light in superfluid phase                    !

ChPT is not the useful “low-energy model”
in superfluid phase of QC2D!

<latexit sha1_base64="EUpx0EUeA2V42mFlS43MmsmxocE="></latexit>�
for m0

⇡/2 . µ
�

I constructed another model (linear sigma model) as a reasonable EFT in (dense) QC2D

Murakami et al (2023)

← pion

<latexit sha1_base64="b64cwZJRbMIy5hDtnWK1IZMkVwc="></latexit>

I = 0, 0� hadron

- ChPT is powerful but cannot treat                 hadron<latexit sha1_base64="b64cwZJRbMIy5hDtnWK1IZMkVwc="></latexit>

I = 0, 0�

Kogut et al (2000)

<latexit sha1_base64="1DRvP1oBFuNyftJhO5VI8RTQN/M="></latexit>

(I = 1, 0�)

0+ mass 0- mass
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Introduction

Q: What can we learn from QC2D?
- It is too naïve to bring all obtained information to Nc=3 world

→ detailed dynamics is different 

baryon

- But we can get information on
- to what extent hadron model description can apply

- how to incorporate quark dof into hadron model → “unified model”

low-density high-density

hadron
matter

quark
matter

universal regardless of Nc

- deep understanding of quark matter in high-dense regime

eg
<latexit sha1_base64="lEwW352Ht5qts+pY0gI1/I/F+RE="></latexit>

Nc = 3
<latexit sha1_base64="6w44L8ORTUjYWNqLKxbXXSO4nCk="></latexit>

Nc = 2

・
・

- Which representation of hadrons is useful in medium



12/28

・Linear sigma model (LSM) with SU(4)
- Pseudo reality of SU(2)c means “blindness” of gluons:

Pauli (1957), Gursey (1958)

Model

<latexit sha1_base64="yzWJZNuoKQ7063YwydY14WE00Qo="></latexit>q

<latexit sha1_base64="yzWJZNuoKQ7063YwydY14WE00Qo="></latexit>q
<latexit sha1_base64="yzWJZNuoKQ7063YwydY14WE00Qo="></latexit>q

<latexit sha1_base64="Vz16pyADF7QmQUYNhikCCgC4zFQ="></latexit>

q̄

<latexit sha1_base64="Vz16pyADF7QmQUYNhikCCgC4zFQ="></latexit>

q̄
<latexit sha1_base64="yzWJZNuoKQ7063YwydY14WE00Qo="></latexit>q

<latexit sha1_base64="mLF4AmF5k73Ye85VhSY9spgjN+8="></latexit>'
<latexit sha1_base64="Pelh8RpmHv0yosk3GSM4a8DkOYU="></latexit>

2
<latexit sha1_base64="ScqnVcr9M9xdSEzLkyV+ElVrNK0="></latexit>

2̄

and               can be treated in a unified way
baryon meson

- chiral symmetry is extended to the Pauli-Gursey symmetry
<latexit sha1_base64="qJpM13c6Gcd05BbXRunbaVA0U3Q="></latexit>

SU(2)L ⇥ SU(2)R
<latexit sha1_base64="CFauiCARyreZzwEA/N8kohKKf7w="></latexit>

SU(4)
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<latexit sha1_base64="yzWJZNuoKQ7063YwydY14WE00Qo="></latexit>q

<latexit sha1_base64="mLF4AmF5k73Ye85VhSY9spgjN+8="></latexit>'
<latexit sha1_base64="Pelh8RpmHv0yosk3GSM4a8DkOYU="></latexit>
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<latexit sha1_base64="ScqnVcr9M9xdSEzLkyV+ElVrNK0="></latexit>
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and               can be treated in a unified way
baryon meson

<latexit sha1_base64="BdK0GtKGsX7kally/iUjy7DT4og="></latexit>
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<latexit sha1_base64="CRu5gkbtgp0PdVoyLTZxQ+DG0KA="></latexit>

⌃ =
1

2

<latexit sha1_base64="74Hm2/udGg9+yOabNFoyjVJNwBw="></latexit>

Hadron JP
Quark number Isospin

� 0
+

0 0

a0 0
+

0 1

⌘ 0
�

0 0

⇡ 0
�

0 1

B (B̄) 0
+

+2(�2) 0

B0
(B̄0

) 0
�

+2(�2) 0

anomaly 
<latexit sha1_base64="esG7qj9rWNO1qYyfVVvhOb7L4y8="></latexit>

U(1)A
LSM is constructed with SU(4)

chemical potential quark mass

with

<latexit sha1_base64="E/wedg6gvdWfUDEbBqmjWNNkTqM="></latexit>

LLSM = tr[Dµ⌃
†
D

µ⌃]�m
2
0tr[⌃

†⌃]� �1

�
tr[⌃†⌃]

�2 � �2tr[(⌃
†⌃)2] + tr[H†⌃+ ⌃†

H] + c(det⌃+ det⌃†)

<latexit sha1_base64="zVqB/cY1XTb2Kk4ikurjNrBIdig="></latexit>

I = 0, 0� hadrons
(mandatory from lattice)

- chiral symmetry is extended to the Pauli-Gursey symmetry
<latexit sha1_base64="qJpM13c6Gcd05BbXRunbaVA0U3Q="></latexit>

SU(2)L ⇥ SU(2)R
<latexit sha1_base64="CFauiCARyreZzwEA/N8kohKKf7w="></latexit>

SU(4)
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・Mean field

: chiral condensate

: diquark condensate

diquark condensate
by lattice<latexit sha1_base64="VOrm0+UbPhQpkBOzgMH+kBOwSow="></latexit>

�0 ⇠ h ̄ i
<latexit sha1_base64="aqKxsjob2ge/eioO/4OxhcumYLA="></latexit>

� ⇠ � i

2
h TC�5⌧

2
c ⌧

2
f i+ h.c.

<latexit sha1_base64="wxN9X+QoGC33zLl8jF0TbgblWTM="></latexit>

mvac
⇡ = 738MeV

<latexit sha1_base64="yR0aZCvkCch9jFSLLKWIWm301U0="></latexit>

�1 = c = 0

<latexit sha1_base64="apPzZOw2gu1qRFPaTMSQp7LeiH8="></latexit>

mvac
a0

/mvac
⇡ = 2.18

Input here

(large Nc)

lattice
Murakami et al

<latexit sha1_base64="7rmReOfFGgZmamfQTZezGsUKcAE="></latexit>

�vac
0 = 250MeV

<latexit sha1_base64="hAg7bxyngwAnzDe6+BtwmuQTs6s="></latexit>

�0 ⌘ h�i
<latexit sha1_base64="Ryl464GFXK/VfXoFOHl1nm6Bwig="></latexit>

� ⌘
⌧
B + B̄p

2

�
- The mean fields are                and

2nd order phase transition at
<latexit sha1_base64="WWFw+LpEJ1SFY6fqoGo7cgOs4fw="></latexit>

µq = mvac
⇡ /2

Iida et al (2024)

(put by hand)

Mean fields

<latexit sha1_base64="lZuj8bOfxKbgbem/lmnoJvaZ5nQ="></latexit>

�0 and � vs µq
<latexit sha1_base64="uDwwG5Q/AqP1LsHt82YdxgjtQ1w="></latexit>

density ⇢ vs µq

baryon superfluidity

<latexit sha1_base64="J4HBYfOIFGgZLX9r+FTlTIGq6bE="></latexit>

BCS : hnqi/ntree
q ⇡ 1

<latexit sha1_base64="fh5z0LxXhR6M4SxBWTzo89gnNls="></latexit>

BEC : hnqi/ntree
q . 1

<latexit sha1_base64="X2xqBz1NCn343Rg7ICpDjr0LpgI="></latexit>

hqqi = 0

<latexit sha1_base64="s60EPTn6OguVS+fcGPnskOGFfQ0="></latexit>

hqqi 6= 0
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・Mass spectrum

① zero mode ② suppressed

M
y 

LS
M

① (approx.) zero mode 

effect of diquark source ② suppressed

La
tt

ic
e

(M
ur

ak
am

i e
t a

l)

→

degeneracy by mixingfast transition due to 
diquark source

→

degeneracy by mixing

Hadron masses
U(1)B violation in the superfluid phase

0+ 0-

0+ 0-
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・Mass spectrum

① zero mode ② suppressed

M
y 

LS
M

① (approx.) zero mode 

effect of diquark source ② suppressed

La
tt

ic
e

(M
ur

ak
am

i e
t a

l)

→

degeneracy by mixingfast transition due to 
diquark source

→

degeneracy by mixing

Hadron masses
U(1)B violation in the superfluid phase

NOTE
ChPT does not treat 

linear rep. is essential!

<latexit sha1_base64="0CAY70yN9omUpQ4xz8UrZRRLcsI="></latexit>

⌘, B0, B̄0

Kogut et al (2000)

0+ 0-

0+ 0-The lowest excitations are qualitatively described by my LSM well!
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・Mass spectrum

① zero mode ② suppressed

M
y 

LS
M

① (approx.) zero mode 

effect of diquark source ② suppressed

La
tt

ic
e

(M
ur

ak
am

i e
t a

l)

→

degeneracy by mixingfast transition due to 
diquark source

→

degeneracy by mixing

Hadron masses
U(1)B violation in the superfluid phase

linear rep. is essential!
Kogut et al (2000)

Updated lattice data
is coming soon!
Talk by E. Itou on May 28

0+ 0-

0+ 0-

NOTE
ChPT does not treat 

<latexit sha1_base64="0CAY70yN9omUpQ4xz8UrZRRLcsI="></latexit>

⌘, B0, B̄0
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・Sound velocity peak

<latexit sha1_base64="mKoPG8yT0BDwou1MNbEpuMpRx1w="></latexit>

m� < 1

- Any connection with crossover to quark matter?

Lattice: Iida et al (2024)

- The peak structure is driven by contributions from parity partners

ChPT result
<latexit sha1_base64="ntQvzI6nhufilmBwp5c4BIEOZt4="></latexit>

(c2s ! 1)

peak when

: no peak

<latexit sha1_base64="2xVmLpYUQo0JQGzM7r0BMsL6auI="></latexit>

(c2s ! 1/3)

<latexit sha1_base64="26gqUl/vaa624fbI60m1jKU9abA="></latexit>

⇡, ⌘, B, B̄
<latexit sha1_base64="AWQw3Nm61nR0MzE3Yw35NurBoFI="></latexit>

�, a0, B
0, B̄0

+
(NG bosons + η) (Chiral partners)

LSM framework

Sound velocity 
Kawaguchi-Suenaga (2024)

<latexit sha1_base64="KhgN4vOTrsW8DFYQLI0MalsDbTg="></latexit>

µ̄ = µ/µcr = 2µ/m⇡

peak
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quark-gluon plasma

BEC BCS

baryon superfluid phasehadronic phase

deconfined-like

confined-like

<latexit sha1_base64="E2nmX2q/5mdp86ZxUWZAO8kSqB4="></latexit>µq

<latexit sha1_base64="DRyqCOvFqCK+/oDB9fqEDoYYr8Q="></latexit>

T

<latexit sha1_base64="lruYTMO8YRAQLD/lzhfzNFk4ELw="></latexit>

m⇡/2

<latexit sha1_base64="dCdD3QldT92noQeMmytlqPz/fdk="></latexit>

h  i = 0

<latexit sha1_base64="HvVXGlI3kQ8icBbQdX5vFllBB8w="></latexit>

h  i 6= 0

<latexit sha1_base64="YmsDTSH+0fKVJyeKoyWg6XiYnyg="></latexit>

nq/n
SB
q ⇡ 1

<latexit sha1_base64="IxiWN6bL5zbjd0Vh8o510JOFAsc="></latexit>

nq/n
SB
q < 1

・FRG analysis with the LSM in medium Fejos-Suenaga (2025, 2025, in preparation) 

How about finite T?

- To what extent can we adopt the hadronic model in medium ?
- How the anomaly couplings are modified in medium ?

anomaly is enhancement in hadronic medium?
[eg, Indication in QC2D: Suenaga et al (2023)

FRG in three-color QCD: Fejos-Hosaka(2015)]

Fluctuations are hadronic (no quarks)

- The flow equation is                                          with

Goal

flow
3D Litim regulator

→ Regulator       allows to include fluctuations of
<latexit sha1_base64="DFRbFNzzijhrqaQ1Re44gEx940M="></latexit>

Rk(p) = (k2 � p2)✓(k2 � p2)

<latexit sha1_base64="VUdC55z0Vd3lwfCqWHy2IVlnLN4="></latexit>

Rk
<latexit sha1_base64="6ej+tFf0WtXLoCOAeMKEopQC5SU="></latexit>

p & k

<latexit sha1_base64="1V4ozjYQD6Xve5eYXxWrfd/3mwM="></latexit>

@k�k =
1

2
@̃kTrLog [�

00
k +Rk],

<latexit sha1_base64="S2HD03l0pKauCcSfoX5Wii/cK4Q="></latexit>

@̃k ⌘ @kRk
@

@Rk

<latexit sha1_base64="C24VV8CelaxkwucxzXqfSdyY5W8="></latexit>

�UV = Scl

<latexit sha1_base64="n8IkOqmBidJhdevcscjCILikeGI="></latexit>

�IR = �quantum
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・Ansatz of effective action in medium
<latexit sha1_base64="f5JJDdx4EX251hK54925DJKYrm4="></latexit>

� =

Z
d4x

⇣
Tr[Dµ⌃

†Dµ⌃] + c̄mqtr[E
T⌃+ ⌃†E]� (VAF + VA)

⌘

non-anomalous

anomalous
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with
parity and time-reversal

<latexit sha1_base64="zAKTT8DhC1IFbCHdJlpY+Sfzw+s="></latexit>

SU(2)L ⇥ SU(2)R ⇥ U(1)B

Symmetry with       
<latexit sha1_base64="E2nmX2q/5mdp86ZxUWZAO8kSqB4="></latexit>µq [Not SU(4)]

-We assume this “classical” form 
at any flow momentum k

kinetic term with <latexit sha1_base64="E2nmX2q/5mdp86ZxUWZAO8kSqB4="></latexit>µq quark mass effect

FRG analysis
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≈

・Phase diagram

<latexit sha1_base64="es+1sTcG1K+BGGGJI1j47DbovAc="></latexit>

M⇡ ⇡ 0.14GeV <latexit sha1_base64="reSVDnWfX2ClTx/Lu6HYqAoUPyw="></latexit>

M⌘ ⇡ 0.3GeV
<latexit sha1_base64="3rcvky1pT1yESB99RmtHT+CjIgg="></latexit>

M⌘ ⇡ 0.95GeV

input/initial condition

<latexit sha1_base64="b5Vja1O1mWmXiqPoCpYVuQuEknM="></latexit>

f⇡ = 0.093GeV

large-Nc sup. at UV

<latexit sha1_base64="j6bm1m8j9J5ssaVuRORFr0opWZo="></latexit>

+
→ Set (I) (small anomaly)
→ Set (II) (large anomaly)

SU(4) relation at UV

Fejos-Suenaga (2025) 

Buividovich et al (2020)

Boz et al 
(2013)

<latexit sha1_base64="6GIit0IM93bHt0FQ+pTmMIp46vg="></latexit>

(kUV = 1GeV , kIR = 0.3GeV)

lattice data

<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)

<latexit sha1_base64="5le6g9wLv3jehqfAjAe9lJ5SAOc="></latexit>

� = 0
<latexit sha1_base64="5sjctMVOSQmoB7jEIbPFi95im7U="></latexit>

� 6= 0

<latexit sha1_base64="nuT6y/ruhBJfNt5Qn5psL1S5jLw="></latexit>

2nd order

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="TY2ljM7qYFmogIPKt+w2ux7bhzo="></latexit> T
[G

eV
]

<latexit sha1_base64="fBgCLToWHLHywfGzMK1OxwO10fo="></latexit>

Tpc

<latexit sha1_base64="5le6g9wLv3jehqfAjAe9lJ5SAOc="></latexit>

� = 0
<latexit sha1_base64="5sjctMVOSQmoB7jEIbPFi95im7U="></latexit>

� 6= 0

<latexit sha1_base64="nTYOsDGTo3ZMSEO9kNqlJoiV+uc="></latexit>

Set (II)

<latexit sha1_base64="nuT6y/ruhBJfNt5Qn5psL1S5jLw="></latexit>

2nd order

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="TY2ljM7qYFmogIPKt+w2ux7bhzo="></latexit> T
[G

eV
]

<latexit sha1_base64="fBgCLToWHLHywfGzMK1OxwO10fo="></latexit>

Tpc
chiral restoration

chiral restoration

FRG analysis
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≈

・Phase diagram

<latexit sha1_base64="es+1sTcG1K+BGGGJI1j47DbovAc="></latexit>

M⇡ ⇡ 0.14GeV <latexit sha1_base64="reSVDnWfX2ClTx/Lu6HYqAoUPyw="></latexit>

M⌘ ⇡ 0.3GeV
<latexit sha1_base64="3rcvky1pT1yESB99RmtHT+CjIgg="></latexit>

M⌘ ⇡ 0.95GeV

input/initial condition

<latexit sha1_base64="b5Vja1O1mWmXiqPoCpYVuQuEknM="></latexit>

f⇡ = 0.093GeV

large-Nc sup. at UV

<latexit sha1_base64="j6bm1m8j9J5ssaVuRORFr0opWZo="></latexit>

+
→ Set (I) (small anomaly)
→ Set (II) (large anomaly)

SU(4) relation at UV

Fejos-Suenaga (2025) 

Buividovich et al (2020)

Boz et al 
(2013)

<latexit sha1_base64="6GIit0IM93bHt0FQ+pTmMIp46vg="></latexit>

(kUV = 1GeV , kIR = 0.3GeV)

lattice data

<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)

<latexit sha1_base64="5le6g9wLv3jehqfAjAe9lJ5SAOc="></latexit>

� = 0
<latexit sha1_base64="5sjctMVOSQmoB7jEIbPFi95im7U="></latexit>

� 6= 0

<latexit sha1_base64="nuT6y/ruhBJfNt5Qn5psL1S5jLw="></latexit>

2nd order

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="TY2ljM7qYFmogIPKt+w2ux7bhzo="></latexit> T
[G

eV
]

<latexit sha1_base64="fBgCLToWHLHywfGzMK1OxwO10fo="></latexit>

Tpc

<latexit sha1_base64="5le6g9wLv3jehqfAjAe9lJ5SAOc="></latexit>

� = 0
<latexit sha1_base64="5sjctMVOSQmoB7jEIbPFi95im7U="></latexit>

� 6= 0

<latexit sha1_base64="nTYOsDGTo3ZMSEO9kNqlJoiV+uc="></latexit>

Set (II)

<latexit sha1_base64="nuT6y/ruhBJfNt5Qn5psL1S5jLw="></latexit>

2nd order

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="TY2ljM7qYFmogIPKt+w2ux7bhzo="></latexit> T
[G

eV
]

<latexit sha1_base64="fBgCLToWHLHywfGzMK1OxwO10fo="></latexit>

Tpc
chiral restoration

chiral restoration

- Phase boundary at              is inconsistent with lattice data
<latexit sha1_base64="GqCAdX2SrL+JVi/BvC0bogHl5js="></latexit>

T & Tpc → explicit quark d.o.f. is necessary

- For              , our treatment is reasonable
<latexit sha1_base64="HOWV8J/G1By5Q2YWz1PNkdH+DUM="></latexit>

T . Tpc

good! good!

incons
istent.

.
incons

istent.
.

FRG analysis
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≈

・Mean fields

FRG analysis

<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)

<latexit sha1_base64="9d5q9uKnfD5iU1k/FcF0izmThx8="></latexit>

�ref
0

<latexit sha1_base64="bd0yAFxrakcVY40bmp5qeXBZu1s="></latexit>

�ref

<latexit sha1_base64="9I6TgHjpMaWsNNE9lKDTDE64YsE="></latexit>

�

<latexit sha1_base64="ctJhlkGX9KA8nw7FtOXp5X92Xvo="></latexit>�0

<latexit sha1_base64="bKHMUv8roaTG8QeE3aGV0W2/MnY="></latexit> M
ea
n
fi
el
d
s
[G

eV
]

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="bKHMUv8roaTG8QeE3aGV0W2/MnY="></latexit> M
ea
n
fi
el
d
s
[G

eV
]

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="SFqyXqMXWb0QdCOS8PNc5VKis/E="></latexit>

T = 0 GeV
<latexit sha1_base64="d2VNsNXG047V/UWL0TlLPUNl7gU="></latexit>

T = 0.2 GeV

<latexit sha1_base64="nTYOsDGTo3ZMSEO9kNqlJoiV+uc="></latexit>

Set (II)

<latexit sha1_base64="9d5q9uKnfD5iU1k/FcF0izmThx8="></latexit>

�ref
0

<latexit sha1_base64="bd0yAFxrakcVY40bmp5qeXBZu1s="></latexit>

�ref

<latexit sha1_base64="9I6TgHjpMaWsNNE9lKDTDE64YsE="></latexit>

�

<latexit sha1_base64="ctJhlkGX9KA8nw7FtOXp5X92Xvo="></latexit>�0

<latexit sha1_base64="bKHMUv8roaTG8QeE3aGV0W2/MnY="></latexit> M
ea
n
fi
el
d
s
[G

eV
]

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="bKHMUv8roaTG8QeE3aGV0W2/MnY="></latexit> M
ea
n
fi
el
d
s
[G

eV
]

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="SFqyXqMXWb0QdCOS8PNc5VKis/E="></latexit>

T = 0 GeV
<latexit sha1_base64="d2VNsNXG047V/UWL0TlLPUNl7gU="></latexit>

T = 0.2 GeV

<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)

<latexit sha1_base64="nTYOsDGTo3ZMSEO9kNqlJoiV+uc="></latexit>

Set (II) - Phase transition is 
always second order

Set (I): small anomaly
Set (II): large anomaly
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・Anomaly enhancement

FRG analysis

<latexit sha1_base64="nTYOsDGTo3ZMSEO9kNqlJoiV+uc="></latexit>

Set (II)

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]
<latexit sha1_base64="FGo/9HVm9tO+PCLH6IVLn3vzWQs="></latexit> a M

/̊a
M

<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV
<latexit sha1_base64="1682neHAYMye7DhMq1VGUa686QY="></latexit>

T = 0.1GeV
<latexit sha1_base64="AvHibnt6ix55+r7R8Pik0TVzrNU="></latexit>

T = 0.2GeV
<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="GoH6aZEqoHEUUhHyzm9q1ptLQnA="></latexit> a B
/̊a

B

<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV
<latexit sha1_base64="1682neHAYMye7DhMq1VGUa686QY="></latexit>

T = 0.1GeV
<latexit sha1_base64="AvHibnt6ix55+r7R8Pik0TVzrNU="></latexit>

T = 0.2GeV
<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="nTYOsDGTo3ZMSEO9kNqlJoiV+uc="></latexit>

Set (II)

<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="FGo/9HVm9tO+PCLH6IVLn3vzWQs="></latexit> a M
/̊a

M

<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV
<latexit sha1_base64="1682neHAYMye7DhMq1VGUa686QY="></latexit>

T = 0.1GeV
<latexit sha1_base64="AvHibnt6ix55+r7R8Pik0TVzrNU="></latexit>

T = 0.2GeV
<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="GoH6aZEqoHEUUhHyzm9q1ptLQnA="></latexit> a B
/̊a

B

<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV
<latexit sha1_base64="1682neHAYMye7DhMq1VGUa686QY="></latexit>

T = 0.1GeV
<latexit sha1_base64="AvHibnt6ix55+r7R8Pik0TVzrNU="></latexit>

T = 0.2GeV
<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)

- (Normalized) anomaly coefficients for meson and baryon:        and

<latexit sha1_base64="yGboFJ8FSkkFIARZ6EE5Tn0bLf8="></latexit>

VA = aM
⇣
det⌃M + det⌃†

M

⌘

<latexit sha1_base64="XsJRKG4TSyXr2VMrWLcjC2wVRfk="></latexit>

+aBtr
h
⌃†

BR
⌃BL + ⌃†

BL
⌃BR

i

<latexit sha1_base64="FzN+56atM5P6v3j56LnTrNIY53k="></latexit>

+ · · ·

<latexit sha1_base64="1qtSs7nz3XqYrETWkW+3HrUKYG0="></latexit>aM
<latexit sha1_base64="AZ3bu7BgrgXqfuyJnYdBhvwMJLU="></latexit>aB

for meson

for baryon

<latexit sha1_base64="+FSuxUctAh5O1jO99SSeS2UJhPE="></latexit>

åM , åB : vacuum values

≈
Set (I): small anomaly
Set (II): large anomaly

- At T=0, no anomaly enhancement
in finite <latexit sha1_base64="E2nmX2q/5mdp86ZxUWZAO8kSqB4="></latexit>µq

<latexit sha1_base64="+iuUQbPmVl24uw5Pcychkaq6ivw="></latexit>⇠ 1
<latexit sha1_base64="+iuUQbPmVl24uw5Pcychkaq6ivw="></latexit>⇠ 1

<latexit sha1_base64="+iuUQbPmVl24uw5Pcychkaq6ivw="></latexit>⇠ 1
<latexit sha1_base64="+iuUQbPmVl24uw5Pcychkaq6ivw="></latexit>⇠ 1
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・Anomaly enhancement

FRG analysis

<latexit sha1_base64="nTYOsDGTo3ZMSEO9kNqlJoiV+uc="></latexit>

Set (II)

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]
<latexit sha1_base64="FGo/9HVm9tO+PCLH6IVLn3vzWQs="></latexit> a M

/̊a
M

<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV
<latexit sha1_base64="1682neHAYMye7DhMq1VGUa686QY="></latexit>

T = 0.1GeV
<latexit sha1_base64="AvHibnt6ix55+r7R8Pik0TVzrNU="></latexit>

T = 0.2GeV
<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="GoH6aZEqoHEUUhHyzm9q1ptLQnA="></latexit> a B
/̊a

B

<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV
<latexit sha1_base64="1682neHAYMye7DhMq1VGUa686QY="></latexit>

T = 0.1GeV
<latexit sha1_base64="AvHibnt6ix55+r7R8Pik0TVzrNU="></latexit>

T = 0.2GeV
<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="nTYOsDGTo3ZMSEO9kNqlJoiV+uc="></latexit>

Set (II)

<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="FGo/9HVm9tO+PCLH6IVLn3vzWQs="></latexit> a M
/̊a

M

<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV
<latexit sha1_base64="1682neHAYMye7DhMq1VGUa686QY="></latexit>

T = 0.1GeV
<latexit sha1_base64="AvHibnt6ix55+r7R8Pik0TVzrNU="></latexit>

T = 0.2GeV
<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="GoH6aZEqoHEUUhHyzm9q1ptLQnA="></latexit> a B
/̊a

B

<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV
<latexit sha1_base64="1682neHAYMye7DhMq1VGUa686QY="></latexit>

T = 0.1GeV
<latexit sha1_base64="AvHibnt6ix55+r7R8Pik0TVzrNU="></latexit>

T = 0.2GeV
<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)

- (Normalized) anomaly coefficients for meson and baryon:        and

<latexit sha1_base64="yGboFJ8FSkkFIARZ6EE5Tn0bLf8="></latexit>

VA = aM
⇣
det⌃M + det⌃†

M

⌘

<latexit sha1_base64="XsJRKG4TSyXr2VMrWLcjC2wVRfk="></latexit>

+aBtr
h
⌃†

BR
⌃BL + ⌃†

BL
⌃BR

i

<latexit sha1_base64="FzN+56atM5P6v3j56LnTrNIY53k="></latexit>

+ · · ·

<latexit sha1_base64="1qtSs7nz3XqYrETWkW+3HrUKYG0="></latexit>aM
<latexit sha1_base64="AZ3bu7BgrgXqfuyJnYdBhvwMJLU="></latexit>aB

- At T=0, no anomaly enhancement
in finite <latexit sha1_base64="E2nmX2q/5mdp86ZxUWZAO8kSqB4="></latexit>µq

for meson

for baryon

- At finite T
<latexit sha1_base64="1qtSs7nz3XqYrETWkW+3HrUKYG0="></latexit>aM

<latexit sha1_base64="AZ3bu7BgrgXqfuyJnYdBhvwMJLU="></latexit>aB
is enhanced
is not enhanced

enhan
ced!

enhan
ced!

<latexit sha1_base64="+FSuxUctAh5O1jO99SSeS2UJhPE="></latexit>

åM , åB : vacuum values

≈
Set (I): small anomaly
Set (II): large anomaly
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・Topological susceptibility

FRG analysis

- Within our model,                                               

<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)
<latexit sha1_base64="AvHibnt6ix55+r7R8Pik0TVzrNU="></latexit>

T = 0.2GeV
<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="SFqyXqMXWb0QdCOS8PNc5VKis/E="></latexit>

T = 0 GeV

<latexit sha1_base64="P+jVCAmaX0Va/6e3+AyqUswd9co="></latexit> �
to

p
/M

2 ⇡
f
2 ⇡

<latexit sha1_base64="nTYOsDGTo3ZMSEO9kNqlJoiV+uc="></latexit>

Set (II)

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="P+jVCAmaX0Va/6e3+AyqUswd9co="></latexit> �
to

p
/M

2 ⇡
f
2 ⇡

≈
Set (I): small anomaly
Set (II): large anomaly

<latexit sha1_base64="CwlOYecFjlxyXAjNE+6uQgpIceI="></latexit>

�top/M
2
⇡f

2
⇡ = (M2

⇡/4) [�D⇡⇡(0) +D⌘⌘(0)]

propagator with
<latexit sha1_base64="j4lWlkwWdyyxT2xhnLSddYvpkdI="></latexit>

p = 0

<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)

<latexit sha1_base64="9d5q9uKnfD5iU1k/FcF0izmThx8="></latexit>

�ref
0

<latexit sha1_base64="bd0yAFxrakcVY40bmp5qeXBZu1s="></latexit>

�ref

<latexit sha1_base64="9I6TgHjpMaWsNNE9lKDTDE64YsE="></latexit>

�

<latexit sha1_base64="ctJhlkGX9KA8nw7FtOXp5X92Xvo="></latexit>�0

<latexit sha1_base64="bKHMUv8roaTG8QeE3aGV0W2/MnY="></latexit> M
ea
n
fie

ld
s
[G

eV
]

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="SFqyXqMXWb0QdCOS8PNc5VKis/E="></latexit>

T = 0 GeV

<latexit sha1_base64="ctJhlkGX9KA8nw7FtOXp5X92Xvo="></latexit>�0 at finite <latexit sha1_base64="E2nmX2q/5mdp86ZxUWZAO8kSqB4="></latexit>µq

- The topological susceptibility is suppressed simply following chiral restoration of
<latexit sha1_base64="0CU1tBDSyREyC+Ahwop6JzHh2kY="></latexit>

�0 / µ�2
q

- Anomaly enhancement is not seen; it is hidden by chiral restoration effect
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・Topological susceptibility

FRG analysis

- Within our model,                                               

<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)
<latexit sha1_base64="AvHibnt6ix55+r7R8Pik0TVzrNU="></latexit>

T = 0.2GeV
<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="SFqyXqMXWb0QdCOS8PNc5VKis/E="></latexit>

T = 0 GeV

<latexit sha1_base64="P+jVCAmaX0Va/6e3+AyqUswd9co="></latexit> �
to

p
/M

2 ⇡
f
2 ⇡

<latexit sha1_base64="nTYOsDGTo3ZMSEO9kNqlJoiV+uc="></latexit>

Set (II)

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="P+jVCAmaX0Va/6e3+AyqUswd9co="></latexit> �
to

p
/M

2 ⇡
f
2 ⇡

≈
Set (I): small anomaly
Set (II): large anomaly

<latexit sha1_base64="CwlOYecFjlxyXAjNE+6uQgpIceI="></latexit>

�top/M
2
⇡f

2
⇡ = (M2

⇡/4) [�D⇡⇡(0) +D⌘⌘(0)]

propagator with
<latexit sha1_base64="j4lWlkwWdyyxT2xhnLSddYvpkdI="></latexit>

p = 0

<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)

<latexit sha1_base64="9d5q9uKnfD5iU1k/FcF0izmThx8="></latexit>

�ref
0

<latexit sha1_base64="bd0yAFxrakcVY40bmp5qeXBZu1s="></latexit>

�ref

<latexit sha1_base64="9I6TgHjpMaWsNNE9lKDTDE64YsE="></latexit>

�

<latexit sha1_base64="ctJhlkGX9KA8nw7FtOXp5X92Xvo="></latexit>�0

<latexit sha1_base64="bKHMUv8roaTG8QeE3aGV0W2/MnY="></latexit> M
ea
n
fie

ld
s
[G

eV
]

<latexit sha1_base64="wcbxqG2oe3HyB+hqKcyVM4TVjfc="></latexit>

µq [GeV]

<latexit sha1_base64="SFqyXqMXWb0QdCOS8PNc5VKis/E="></latexit>

T = 0 GeV

<latexit sha1_base64="ctJhlkGX9KA8nw7FtOXp5X92Xvo="></latexit>�0 at finite <latexit sha1_base64="E2nmX2q/5mdp86ZxUWZAO8kSqB4="></latexit>µq

~ constant
suppressed

<latexit sha1_base64="nK8625uwVt/eH7id7QuCZ9l1amA="></latexit>

µcr

Iida et al (2024) Astrakhantsev et al (2020)

lattice

No conclusive statement yet from lattice
→ Needs more refined simulations
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- Constructed Linear sigma model (LSM) in QC2D to study spin-0 hadrons including parity partners at

Succeeded in explaining lattice mass spectrum qualitatively!

<latexit sha1_base64="E2nmX2q/5mdp86ZxUWZAO8kSqB4="></latexit>µq

Conclusions

QC2D lattice sim.

From QC2D study we can learn

Enhancement of anomaly effect to mesons in (hadronic) medium

- FRG analysis with LSM in finite T and density

low-density high-density

hadron
matter

quark
matter

universal regardless of Nc

“numerical experiments”

・
・

- to what extent hadron model description can apply

- how to incorporate quark dof into hadron model → “unified model”
- deep understanding of quark matter in high-dense regime

- Which representation of hadrons is useful in medium

Topological susceptibility is suppressed in medium with chiral restoration

- Next step: Inclusion of quark d.o.f.
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Thank you!
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≈

・Sound velocity at mean-field level within the LSM
<latexit sha1_base64="7u5FslGADRfBevyeh6qr/Y/WhNo="></latexit>

p = f2
⇡m

2
⇡

✓
µ̄2 +

1

µ̄2

◆ <latexit sha1_base64="92hNz2xYjQ7RZJnO2aaxb5cYzbk="></latexit>

+f2
⇡m

2
⇡


4

�m̄2
��⇡

(µ̄2 � 1)2
�

<latexit sha1_base64="s73Im2Hwsi02JQ58q7B1wXlQ4Y4="></latexit>

✏ = f2
⇡m

2
⇡


(µ̄2 + 3)(µ̄2 � 1)

µ̄2

� <latexit sha1_base64="ea1EXdqNX/aRwUcTzoRtGJNTzQk="></latexit>

+f2
⇡m

2
⇡


4

�m̄2
��⇡

(3µ̄2 + 1)(µ̄2 � 1)

�

<latexit sha1_base64="1JgdDyZ997t3umDAQU30iylbK6g="></latexit>

c2s =
(1� 1/µ̄4) + 8(µ̄2 � 1)/�m̄2

��⇡

(1 + 3/µ̄4) + 8(3µ̄2 � 1)/�m̄2
��⇡

<latexit sha1_base64="EiVq8JqsPgfAvFX+CqCia7mcCbQ="></latexit>

8(µ̄2 � 1)/�m̄2
��⇡

<latexit sha1_base64="c8LkxH7eOuA5XuJ49fXnX2vLek4="></latexit>

8(3µ̄2 � 1)/�m̄2
��⇡

Universal structure:

pressure:

<latexit sha1_base64="eVEsCImLiupFBBFHdz0PHPgrN8I="></latexit>

(ChPT result) + (1/�m̄2
��⇡ contribution)

energy:

sound
velocity:

<latexit sha1_base64="s96xrrjmrA3zYRzvZPb40QGHOjM="></latexit>

�m̄2
��⇡ = (m2

� �m2
⇡)/µ

2
cr

<latexit sha1_base64="KhgN4vOTrsW8DFYQLI0MalsDbTg="></latexit>

µ̄ = µ/µcr = 2µ/m⇡

- Integrating out the parity partners                    yields the ChPT results

<latexit sha1_base64="t38Hq69SzDXThemHeGqjK4Z2QbI="></latexit>

(LSM result) =

<latexit sha1_base64="KLnf//x8Py3iS+2ILw25eC7+94o="></latexit>

(m� ! 1)
<latexit sha1_base64="QfuHZZfg+HYyUEaERbKlT9QPWMU="></latexit>�
1/�m̄2

��⇡ ! 0
�

ChPT result

ChPT result <latexit sha1_base64="AWQw3Nm61nR0MzE3Yw35NurBoFI="></latexit>

�, a0, B
0, B̄0

+
<latexit sha1_base64="Pz+RjKQLZOJ1tyW/g37FUoqsOF0="></latexit>

⇡, (⌘), B, B̄

ChPT parity partner

Sound velocity 

ChPT result
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・Sound velocity peak

<latexit sha1_base64="mKoPG8yT0BDwou1MNbEpuMpRx1w="></latexit>

m� < 1

- Any connection with crossover to quark matter?

Lattice: Iida et al (2024)

- The peak structure is driven by contributions from parity partners

ChPT result
<latexit sha1_base64="ntQvzI6nhufilmBwp5c4BIEOZt4="></latexit>

(c2s ! 1)

peak when

: no peak

<latexit sha1_base64="2xVmLpYUQo0JQGzM7r0BMsL6auI="></latexit>

(c2s ! 1/3)

<latexit sha1_base64="26gqUl/vaa624fbI60m1jKU9abA="></latexit>

⇡, ⌘, B, B̄
<latexit sha1_base64="AWQw3Nm61nR0MzE3Yw35NurBoFI="></latexit>

�, a0, B
0, B̄0

+
(NG bosons + η) (Chiral partners)

LSM framework
- Fluctuation and spin-1 hadron effect are needed for more quantitative comparison

Sound velocity 
Kawaguchi-Suenaga (2024)

<latexit sha1_base64="KhgN4vOTrsW8DFYQLI0MalsDbTg="></latexit>

µ̄ = µ/µcr = 2µ/m⇡

peak
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・Topological susceptibility at finite T

<latexit sha1_base64="RAvGt6rjMVRgRT0I8d0O5XpeMTI="></latexit>

M̊⌘ = 0.95GeV
<latexit sha1_base64="Op9SrVM87NOa5lBg3Ha0AQ/RaRw="></latexit>

M̊⌘ = 0.5GeV
<latexit sha1_base64="xZ08TtSRYz/sSnxg/Q+cEcrAlU0="></latexit>

M̊⌘ = 0.3GeV

<latexit sha1_base64="PI+9bJ8QFPagFQ/gDY7Lv7LuNbw="></latexit>

�̃top

<latexit sha1_base64="RAvGt6rjMVRgRT0I8d0O5XpeMTI="></latexit>

M̊⌘ = 0.95GeV
<latexit sha1_base64="Op9SrVM87NOa5lBg3Ha0AQ/RaRw="></latexit>

M̊⌘ = 0.5GeV
<latexit sha1_base64="xZ08TtSRYz/sSnxg/Q+cEcrAlU0="></latexit>

M̊⌘ = 0.3GeV

<latexit sha1_base64="TIvDsD9NYS2bpluTO8PKo3kk30U="></latexit>�top
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<latexit sha1_base64="10iKaj6myh1wTyCP6QW3Jj8Lths="></latexit>

Q = (g2s/64⇡
2)✏µ⌫⇢�Ga

µ⌫G
a
⇢�withDefinition:

<latexit sha1_base64="FhHKl5g9+B90ENYQKNS3ffN1nV4="></latexit>

M2
⌘ �M2

⇡ = �2a� (2c1 + c2)�
2
0 / (anomaly e↵ect)

<latexit sha1_base64="ROwgkkIopGmJIHRSUnoB+HHnbtE="></latexit>

�̄top ⌘ �i

Z
d4xh0|TQ(x)Q(0)|0i = M̊4

⇡ �̊
2
0

4

✓
1

M2
⇡

� 1

M2
⌘

◆

<latexit sha1_base64="iLrbZo69A4J4uuW3ogP4FO+sr/k="></latexit>

�̃top ⌘ M̊2
⇡

4

 
1

M2
⇡

� 1

M2
⇡ + (M̊2

⌘ � M̊2
⇡)

!
(← full result)

(← reference)

NOTE:

<latexit sha1_base64="5ijVgn+lCW0oG8KSRmkcGChKvHs="></latexit>

�top ⌘ �̄top

M̊2
⇡ �̊

2
0

=
M̊2

⇡

4

✓
1

M2
⇡

� 1

M2
⇡ + (M2

⌘ �M2
⇡)

◆

- is suppressed at higher temperature followed by chiral restoration:
<latexit sha1_base64="l2g6sKk1OlnLyCwWPKNBHZhjsws="></latexit>

�top ⇠ M̊2
⇡

4

1

M2
⇡

/ �0
<latexit sha1_base64="rqx8+TH2xN6qbtzzFuA2YNjsuZ4="></latexit>�top

- No difference between        and<latexit sha1_base64="rqx8+TH2xN6qbtzzFuA2YNjsuZ4="></latexit>�top
<latexit sha1_base64="pJZyiuWOgpS8KyEkbz1uTWFeQJs="></latexit>

�̃top

→ topological susceptibility is not suitable probe to see corrections of anomaly effects

FRG for anomaly effect

<latexit sha1_base64="3MhMkVoDBz4sINqn/bz7RE7zrpM="></latexit>

�m = 1� �⌘

�⇡
with

<latexit sha1_base64="aOf3O03RXs1gS3iLOVfvHMAOsUw="></latexit>

�̄top = �mlh ̄ i
4

�m
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Hadron mass

<latexit sha1_base64="v2bGLjTc5jGpBFsrx5paoBeimtc="></latexit>a0
<latexit sha1_base64="zLumcumRnNtsHjxwBZR+AtB4E64="></latexit>

�BB̄ mixed (�)

<latexit sha1_base64="Fv0WfRxVnl51Scowl/24Ja68y00="></latexit>

�BB̄ mixed (B)

<latexit sha1_base64="zUx3jJLMomWHCE1CCgFQwXhlhXE="></latexit>

�BB̄ mixed (B̄)

<latexit sha1_base64="OXwHuTtSz3FhPOQXwfNLPe9vWA0="></latexit>⇡
<latexit sha1_base64="vcofCGmcdqnxZvHhQKLiCMHYqGo="></latexit>

⌘B0B̄0 mixed (⌘)

<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)
<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV
<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV

<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV
<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="ZEtHFriOc1MaX2bktkSi+7bicjo="></latexit>

⌘B0B̄0 mixed (B0)

<latexit sha1_base64="iDl3EkAjWaO3QPZM+mSy5gBytqo="></latexit>

⌘B0B̄0 mixed (B̄0)
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Hadron mass

<latexit sha1_base64="v2bGLjTc5jGpBFsrx5paoBeimtc="></latexit>a0
<latexit sha1_base64="zLumcumRnNtsHjxwBZR+AtB4E64="></latexit>

�BB̄ mixed (�)

<latexit sha1_base64="Fv0WfRxVnl51Scowl/24Ja68y00="></latexit>

�BB̄ mixed (B)

<latexit sha1_base64="zUx3jJLMomWHCE1CCgFQwXhlhXE="></latexit>

�BB̄ mixed (B̄)

<latexit sha1_base64="nTYOsDGTo3ZMSEO9kNqlJoiV+uc="></latexit>

Set (II)
<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV

<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV

<latexit sha1_base64="OXwHuTtSz3FhPOQXwfNLPe9vWA0="></latexit>⇡
<latexit sha1_base64="vcofCGmcdqnxZvHhQKLiCMHYqGo="></latexit>

⌘B0B̄0 mixed (⌘)

<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV
<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="ZEtHFriOc1MaX2bktkSi+7bicjo="></latexit>

⌘B0B̄0 mixed (B0)

<latexit sha1_base64="iDl3EkAjWaO3QPZM+mSy5gBytqo="></latexit>

⌘B0B̄0 mixed (B̄0)
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<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)
<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV

<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="v2bGLjTc5jGpBFsrx5paoBeimtc="></latexit>a0
<latexit sha1_base64="zLumcumRnNtsHjxwBZR+AtB4E64="></latexit>

�BB̄ mixed (�)

<latexit sha1_base64="Fv0WfRxVnl51Scowl/24Ja68y00="></latexit>

�BB̄ mixed (B)

<latexit sha1_base64="zUx3jJLMomWHCE1CCgFQwXhlhXE="></latexit>

�BB̄ mixed (B̄)

<latexit sha1_base64="OXwHuTtSz3FhPOQXwfNLPe9vWA0="></latexit>⇡
<latexit sha1_base64="vcofCGmcdqnxZvHhQKLiCMHYqGo="></latexit>

⌘B0B̄0 mixed (⌘)

<latexit sha1_base64="ZEtHFriOc1MaX2bktkSi+7bicjo="></latexit>

⌘B0B̄0 mixed (B0)

<latexit sha1_base64="iDl3EkAjWaO3QPZM+mSy5gBytqo="></latexit>

⌘B0B̄0 mixed (B̄0)

・Mass degeneracies of chiral partners

Hadron mass
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<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV
<latexit sha1_base64="1682neHAYMye7DhMq1VGUa686QY="></latexit>

T = 0.1GeV
<latexit sha1_base64="AvHibnt6ix55+r7R8Pik0TVzrNU="></latexit>

T = 0.2GeV
<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="JqGeig98cDIUc5z4srw11Qd9iJg="></latexit>

µq = 0GeV

<latexit sha1_base64="912En9JNhvQsXNmDfxhsUZI8XmI="></latexit>

µq = 0.13GeV

<latexit sha1_base64="nTYOsDGTo3ZMSEO9kNqlJoiV+uc="></latexit>

Set (II)

<latexit sha1_base64="ryxg/8e8JXUz6I8E7pkVXRejB9g="></latexit>

T = 0GeV
<latexit sha1_base64="1682neHAYMye7DhMq1VGUa686QY="></latexit>

T = 0.1GeV
<latexit sha1_base64="AvHibnt6ix55+r7R8Pik0TVzrNU="></latexit>

T = 0.2GeV
<latexit sha1_base64="yvQBBUbpiyD4rf+NNVVNG5OpGYM="></latexit>

T = 0.3GeV

<latexit sha1_base64="JqGeig98cDIUc5z4srw11Qd9iJg="></latexit>

µq = 0GeV

<latexit sha1_base64="912En9JNhvQsXNmDfxhsUZI8XmI="></latexit>

µq = 0.13GeV

<latexit sha1_base64="G4pArcisjT9smBSeCqt+WC1Kghw="></latexit>

Set (I)

Determination of IR cutoff

<latexit sha1_base64="jKnv7KQXWYiZ+b8obDW6d2vv2lo="></latexit>

kIR = 0.3GeV


