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Typical Phase Diagram

Fukushima-Hatsuda
A Fukushima-Sasaki

Quark-Gluon Plasma

Critical
Point

Temperature T

---l

Nuclear Superfluid Chemical Potential ug
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First-order Phase Transition?

Gt Gt OGN G N, SN ARGt G SN G e, e

Nuclear Saturation

E(p)

4 po / Self-bound fermionic systems
i have a preferred density.
Diluteness is realized as a
“mixed phase” of nuclei.

This is how this world
is like what we know.
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First-order Phase Transition?

BRGNS 0GR SN, i RGN, i RGN,

Extremal point — 1st-order PT
E

d [ e _ Pgas — Pliquid —0
dp P gas P liquid P .

Stationary cond. PT cond.

4. /p $ . /p Meta-stable?
/‘\/ X
p
Nuclear Matter Self-bound? Quark Star?
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Q/ VM,

First-order Phase Transition?

B BT, WG R  OGSR RGP g e W T N RS RSP e

General Tendency to 1st-order PT
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-0.04 |

-0.08

1 The grand potential 1s
Uncertainty | | the sum of the vacuum
in the vacuum potential part (symmetry breaking)

and the matter part
Total potential i

7
: Qmat - = [ d/’t/n(ﬂ)
One m

Omuer ~ MiINimum |

Qo

The sum may have a

— Another Minimum? | double-well structure
0 100 200 300 200  (lst-order PT) or may
M [MeV] not (crossover only).
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First-order Phase Transition?

g Mg WO WO NPT O NP N WO WO WP NP

Inhomogeneous States? Review: Buballa-Carignano (2014)
100 '.,\\
g0
Lli.'ShltZ/-—-V Critical Point
point < 60t overridden?
b
=
— 40 r
20 r

Chiral a/’
O !
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First-order Phase Transition?

ARt e G BRGNP 0GRt N 0GR R R e
Fluctuation effects

It is known by now that phonon fluctuations wash out
the 1-dimensional modulation but a remnant remains

= Quasi Long-Range Order

Hidaka-Kamikado-Kanazawa-Noumi (2015)
Lee-Nakano-Tsue-Tatsumi-Friman (2015)

Finite B (magnetic) / @ (rotation) breaks 3d symmetry
— Pseudo-1d Helical Structures

Chiral Magnetic Spirals / Kharzeev-Dunne (2010)

Chiral Soliton Lattice / Brauner-Yamamoto (2016)
Rotating CSL / Nishimura-Yamamoto (2020)
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Magnetized Rotating Plasma
ﬂ%*@ﬁ%‘%&%‘%&%*@ﬂ%%@mﬂ m%‘k@m@#‘*ﬁmﬁ'%&%*@m%%@mﬁ

veB ~ 0(0.1 —1)GeV
w ~ 0(10) MeV
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Primordial Inhomogeneity

P O WO HR0 NP WO NP WO WOyt H0g WP WP
Fukushima-Hidaka-Inoue-Shigaki-Yamaguchi (2023)

Chiral Soliton Lattice
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Primordial Inhomogeneity

SR WGPt R SR Gt N0gR NN g T OGP N g

Recent analysis by Yamauchi (Hiroshima U.)

Source distribution:
generated by AMPT

modulated by hand

E ab L S
—50 -40 -30 —20 -10 0 10 20

HBT detects clusters? | ,
Now in progress
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Previous (2023) 3
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S Signal? : e
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\{S: 1.0 4 q—"'-‘—'t'%‘—ﬁthmﬁﬁrJﬁ““ et +ii+:.:ii‘ttii ++H
000  0ws___o0Af0 015 020 025  °®C Clear Signal!
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First-order in Astro-nuclear Physics

B BT, WG R  OGSR RGP g e W T N RS RSP e

Pressure

HMNS

Stiff Extrapolation

Softening

First-order

Fukushima (2025)

Crossover
Softening

BH

Energy Density
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First-order in Astro-nuclear Physics

BRGNS 0GR SN, i RGN, i RGN,

Bauswein-Bastian-Blaschke-Chatziioannou-Clark-Fischer-Oertel (2018)

Evidence of
First-Order?

—— DD2F.SF-1 Wﬁ
—— DD2F

1 2 3 4 H
f [kHz]
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First-order in Astro-nuclear Physics

B BT, WG R  OGSR RGP g e W T N RS RSP e

Can we see the phase transition with the GW signal?
Most-Papenfort-Dexheimer-Hanauske-Schramm-Stocker-Rezzolla (2018)

CMFq : EOS with a strong-1st PT to Quark Matter (3~4 times n,,)
CMFy : EOS without quarks

4X\l[)‘_2.‘2“\““\““\““\““\‘“\“‘

— woe |+ (Quark matter shortens the
— with quarks | N N
— | lifetime of post-merger
| supramassive/hypermassive

e ( uniform / ditferential )

/ neutron star.

+ (IR S S
—-10 -5 0 5 10 15 20
t — ter [mS]

hf at 100 Mpc

Ao [radl

What if the transition is only a smooth crossover?
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Crossover in Astro-nuclear Physics

Gt Gt OGN G N, SN ARGt G SN G e, e

Fujimoto-Fukushima-Kyutoku-Hotokezaka (2022-2024)

Crossover at ,
lower densit 10'¢ R "
y °'?_|  — | = Matter |
£ (pQCD),
VS > e max (95% CI)
O, B Ec, max (68% CI)
Qé 10 ¢
ISt-Ol‘del‘ at a m— (Crossover
higher density E — == First-order PT
S * (5(:7 max Pc, max)
10 "¢ Nuclear [ Bayesian (68% CI) ]
&%tptef) {7771 Bayesian (95% CI) |
B T )

Energy density € [GeV fm ]
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Crossover in Astro-nuclear Physics

R, R, B R, R, P P, P R R, B B
Fujimoto-Fukushima-Kyutoku-Hotokezaka (2022-2024)
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Crossover in Astro-nuclear Physics

SR WGPt R SR Gt N0gR NN g T OGP N g

Post-merger stage is very challenging to see:

| Our crossover case... no difference?

le-21 g

f h(f) at 100Mpc
o
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Multi-messanger Era

L PO T SRR T SRR SR TR SO S S R SR O

Kilonova brightness:
ejected mass > 0.05M

—‘. AT 2017 gfo

neutrino-driven wind

hypermassive
neutron star

neutron-rich
tidal ejecta

& weak
r-process

Brightness and
“color” depend on
the EoS and the

total mass.

I-process

accretion disk
outflow

black hole

accretion disk GRB jet
Ilustration from Korobkin+ (2021)
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Multi-messanger Era

S SR SN Y 5 SN S O TS R R SR T S T S

Fujimoto-Fukushima-Kyutoku-Hotokezaka (2022-2024)

survived (>30) ©&—8—ee6—e—=5
30 | | | | | | | | | O |
. CO (high)
O Bright co (ow)

O
: PT (high) ©
Kilonova',. dow) -

[\®)
()
I

(\®
-
I
O
l

In the near future,
more data should
be accumulated,
and then, we can

say much more
about PT !

Dark (red)

Kilonova il
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Most-likely EoS from NS

SR SO SO SO SO O SO, OO, OO, RO, OO, 000
Fujimoto-Fukushima-Kamata-Murase (2018-2024)

2.5 - - . . . ;
[ This work
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Most-likely EoS from NS

IR PR TR SRR SRR TR T R T T

Fujimoto-Fukushima-Kamata-Murase (2018-2024)

0.9 .
N =5 it
o , 8T Not minimum,
0.7F ¢2=1/3 —— | .
iR but maximum!?
0.6 . |
~_ 057 I
<047 | |
0.3 ]
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0.1l to a quark-gluon plasma
Ul 2 3 4 5 6 78

/e g, = 150 MeV fm™>
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Most-likely EoS from NS

Marczenko-M

Altiparmak-Ecker-Rezzolla (2022)
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Interpretation of Sound Speed

Sy
[1st-order-like EoS]

A

P

» £

Wbt R, SRS, RS, O R,

A

0
I——>

Phase transition is manifested by a minimum

in the speed of sound.
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Interpretation of Sound Speed

SR WGPt R SR Gt N0gR NN g T OGP N g

Energy-momentum tensor — Trace anomaly

2 | Og!/T)? =k .
(8 0 0 0 ) O(/JE/T)Z-
Oug / T)* ==
S £ Mo O
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—_ W
\O 0 0 p) e
0.5
0.35 T T
. eeaaa 0
0.3 [P :iiiss | . 140 160 180 200 220 240 260 280
0.1 —,,';:' sing =15 1 T [MeV]
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HotQCD Collab. (2022)
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Interpretation of Sound Speed

Gt Gt OGN G N, SN ARGt G SN G e, e

Fujimoto-Fukushima-McLerran-Praszalowicz (2022)

1
Measure of conformality: [ = g — B}
E

Gavai-Gupta-Mukherjee (2004)

, _dp 2

2
C5S = — = .+ C R
S de s, deriv s, non—deriv
dA 1
2 2
C . = — € C .o == —=A
s, deriv de s, non—deriv 3
( Derivative Non-Derivative
Dominant at high density making a peak!
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High-7T — Non-Derivative Dominant

Sign Flipped — A

Interpretation of Sound Speed

PR, SR SR SR, SO B O O A S RS, B
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Interpretation of Sound Speed

L MRS RS O SR AR S P SR Y O R SN R T B

High Density — Derivative Peak

A

Normalized Trace Anomaly

Sign Flipped
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Interpretation of Sound Speed

ARt e G BRGNP 0GRt N 0GR R R e

Physical interpretation of A <0 ???

0.4

-0.2

-95%

2

3
e/eg

Axe—3p
d (p

m_ —
du \ p*

Thermodynamic
degrees of freedom

Negative trace anomaly implies
the presence of “condensates”!?
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Interpretation of Sound Speed

ARt e G BRGNP 0GRt N 0GR R R e

L4 o L4 1"'I"'I"'I"'I"'
Lattice results for QCD-like theories [ confonal boune ;
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Recent Quarkyonic Scenario

P 0 UM S R FUNR S TN Y P FUNR R R ORS00 PO RS PN S PO S U S LS
* * ** * % * * * * *

Idyllic Fujimoto-Kojo-McLerran (2024) / Tajima-lida-Kojo-Liang (2025)

Nuclear fB A
J —> 3
e «(i s J_ N //tB ~ N u
C : >
Quarkyonic Negbu k I 2 Dual

Y

Suppression of nucleon distribution should
be caused by quark saturation at short
range due to quark exchanges.
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More Recent Spaghetti Scenario

S WO RS BT OO NP O MO WP WO NS W
Fujimoto-Fukushima-Hidaka-McLerran (2025)

TA

~ 285 MeV

Deconfined
Screening Gluons Quarks

| SQGB
~ 160 MeV

Ent;"c;py -
Confined
Glueballs
Above TC quarks Mesons
are deconfined, Baryons
but gluons are not. ~ 993 MeV I
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Summary

AR WO R g R R OGP WO SRR R SN S

B Surprises

0 Speed of sound at high density exceeds the conformal
value making a peak.

0 Conformal symmetry is rapidly restored already at
intermediate densities.

B Challenges
0 Can we estimate the cluster size by HIC-HBT?

0 Can we confirm (exclude) the color superconducting
states in NS matter?

0 Non Fermu liquid nature of dense QCD matter?
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