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Many versions of QCD phase diagrams…
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Conventional QCD phase diagram

3
taken from: https://www.gauss-centre.eu/results/elementaryparticlephysics/the-qcd-phase-diagram-and-equation-of-state
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Conventional QCD phase diagram

4

Two main transitions: 1. Confinement → Deconfinement  … No order parameters 
2. Chiral phase transition

taken from: https://www.gauss-centre.eu/results/elementaryparticlephysics/the-qcd-phase-diagram-and-equation-of-state
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Conventional QCD phase diagram

5

Two main transitions: 1. Confinement → Deconfinement  … No order parameters 
2. Chiral phase transition

Regions we know 
from first principles 

or experiment

taken from: https://www.gauss-centre.eu/results/elementaryparticlephysics/the-qcd-phase-diagram-and-equation-of-state
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In this talk

6

Two main transitions: 1. Confinement → Deconfinement  … No order parameters 
2. Chiral phase transition I discuss 

quark deconfinement 
in these regions

taken from: https://www.gauss-centre.eu/results/elementaryparticlephysics/the-qcd-phase-diagram-and-equation-of-state
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1. Interpretation of quark deconfinement 
in crossover at high T

7
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Quark deconfinement is hard to capture
- Order parameter for deconfinement — Polyakov loop: 

 

and its thermal expectation value:  

- In the confined (disordered) phase:  
Deconfined (ordered) phase:  
… related to breaking of the center symmetry  of  

- With dynamical quarks, the center symmetry is explicitly broken 
→ No well-defined order parameter  when there are dynamical quarks

L(x) = 𝒫 exp [−ig∫
1/T

0
dx4 A4(x, x4)]

Φ = ⟨ℓ(x)⟩ = e−fq/T

Φ = 0
Φ ≠ 0

Z3 SU(3)

Φ
8

(ℓ =
1
Nc

tr L)

→  for pure SU(3)Td ≃ 285 MeV
Borsanyi et al., PRD 105 (2022)
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Deconfinement in EoS of hadrons & resonances

9

P/T4

T
HRG

pQCD gas

lattice QCD

~Tc ~2-3Tc

+ hadronic     
interactions

+ confining 
effects

Schematic behavior of high-temperature equation of state:

Figure adapted from: Baym,Hatsuda,Kojo,Powell,Song,Takatsuka (2017)

s/T3
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Deconfinement in EoS of hadrons & resonances

10

P/T4

T
HRG

pQCD gas

lattice QCD

~Tc ~2-3Tc

+ hadronic     
interactions

+ confining 
effects

Blowing up of hadron resonance gas (HRG) EoS 
→ one way to characterize deconfinement

Schematic behavior of high-temperature equation of state:

Figure adapted from: Baym,Hatsuda,Kojo,Powell,Song,Takatsuka (2017)

s/T3
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Hagedorn temperature

11

ρ(m) ∝ ma exp(m/TH)Partition function: Z ∝ ∫
∞

m0

dm ρ(m)e−m/T,

: Hagedorn’s limiting temperatureTH
Hagedorn (1965)

 … Later reinterpreted as  
temperature of quark-gluon liberation
TH

Cabibbo & Parisi (1975)
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Hagedorn temperature

12

ρ(m) ∝ ma exp(m/TH)
: Hagedorn’s limiting temperatureTH

Hagedorn (1965)

Cabibbo & Parisi (1975)

Integrated mass spectrum 
of hadrons & resonances in PDG:

Figure adapted from: 
Lo,Marczenko,Redlich,Sasaki (2015)

fit with Hagedorn spectrum

1

10
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N
(m
)

m [GeV]

PDG
fit to PDG

Partition function: Z ∝ ∫
∞

m0

dm ρ(m)e−m/T,

 … Later reinterpreted as  
temperature of quark-gluon liberation
TH
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Lattice QCD equation of state

13

Wuppertal-Budapest (2014); 
HotQCD (2014)

Critical temperature 
for chiral transition 
& deconfinement
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Lattice QCD equation of state

14

Wuppertal-Budapest (2014); 
HotQCD (2014)

Critical temperature 
for chiral transition 
& deconfinement
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Hagedorn spectrum from string theory
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ρ(m) =
2π

6TH ( TH

m )
3/2

em/TH

Hagedorn spectrum of open strings:

… Mesons can be approximately regarded as 
an open string (w/ quarks attached at the end)

q̄
q

See, e.g., Green,Schwarz,Witten

This stringy picture is implied from the Regge trajectory
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Fitting EoS with open string formula

16

q̄
q

Fit with open string 
w/  MeVTH ≃ 300

… the value is common for 
quarkless theory 
(pure glue theory)

Fujimoto,Fukushima,Hidaka,McLerran (2025)
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Deconfinement may take place at higher T

17

q̄
q

Fit with open string 
w/  MeVTH ≃ 300

… the value is common for 
quarkless theory 
(pure glue theory)

Deconfinement 
of quarks 
& gluons

Chiral transition

Fujimoto,Fukushima,Hidaka,McLerran (2025)
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Deconfinement may take place at higher T

18

q̄
q

Fit with open string 
w/  MeVTH ≃ 300

… the value is common for 
quarkless theory 
(pure glue theory)

Deconfinement 
of quarks 
& gluons

Chiral transition

Fujimoto,Fukushima,Hidaka,McLerran (2025)

Spaghetti of quarks 
with glueballs (SQGB)

See also: Glozman,Philipsen,Pisarski (2022); 
Cohen,Glozman (2024)
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2. Quark (de)confinement at large μB

19

2
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Challenges in finite-µB QCD

20

Freedman,McLerran(1978); 
Baluni(1979); 

Kurkela,Romatschke,Vuorinen, 
Gorda,Säppi, 

Paatelainen,Seppänen+(2009-)

Tews,Krüger,Hebeler,Schwenk(2013); 
Drischler,Furnstahl, 
Melendez,Philips(2020); 
Keller,Hebeler,Schwenk(2022); 
& many others

First-principles calculation only available by perturbation theory

Non-perturbative region
Lattice QCD missing 
due to sign problem

Neutron stars
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Neutron star structure and equation of state

21

Pressure 
P

Density 
ρ

“soft”

“stiff”

Pressure 
from nuclear force 
   (= Strong interaction)

Equation of state 
(EoS)

Gravity

Equation of state
Mass 

M

Radius 
R

“soft”

“stiff”

Neutron star structure 
(Mass-radius relation)One-to-one correspondence 

via general relativity

Tolman-Oppenheimer-Volkoff (TOV) 
equation

~10 km
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Neutron star structure and equation of state
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Equation of state Neutron star structure 
(Mass-radius relation)

One-to-one correspondence 
through TOV eqn

Map neutron-star mass-radius relation 
to the EoS using statistical methods 

(Bayesian, Neural networks, 
Gaussian process, etc.)

Inverse problem
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Emerging picture of neutron star EoS

23

Figure based on method by Altiparmak,Ecker,Rezzolla (2022)
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Emerging picture of neutron star EoS

24

GW170817: 
small tidal deformability

Measurements of heavy 
neutron stars ∼ 2M⊙

Perturbative QCD 
P ≃ cμ4, ε ≃ cμ4/3, n ≃ 4cμ3

e.g. Gorda,Komoltsev,Kurkela (2022); 
Komoltsev, Somasundaram et al. (2023)

Demorest et al. (2010);; 
Bedaque,Steiner (2015); 

Tews, Carlson et al. (2018); 
Fujimoto,Fukushima,Murase (2019) 

& many works

LIGO-Virgo (2017); 
e.g. Annala et al. (2017); 

Drischler, Han et al. (2020)

Figure based on method by Altiparmak,Ecker,Rezzolla (2022)
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Emerging picture of neutron star EoS

25

GW170817: 
small tidal deformability

Measurements of heavy 
neutron stars ∼ 2M⊙

Perturbative QCD 
P ≃ cμ4, ε ≃ cμ4/3, n ≃ 4cμ3

e.g. Gorda,Komoltsev,Kurkela (2022); 
Komoltsev, Somasundaram et al. (2023)

Demorest et al. (2010);; 
Bedaque,Steiner (2015); 

Tews, Carlson et al. (2018); 
Fujimoto,Fukushima,Murase (2019) 

& many works

LIGO-Virgo (2017); 
e.g. Annala et al. (2017); 

Drischler, Han et al. (2020)

Figure based on method by Altiparmak,Ecker,Rezzolla (2022)

What can be learned from this?
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Increasing degrees of freedom in EoS → Color?

26
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Effective d.o.f 
keeps increasing 
→ may indicate 
appearance of color

Annala,Gorda,Hirvonen,Komoltsev,Kurkela,Nättilä,Vuorinen (2023)

Recent Bayesian inference of neutron star EoS:

Effective d.o.f. in EoS ≈
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Behavior of the trace anomaly

27

Fujimoto,Fukushima,McLerran,Praszalowicz, PRL129 (2022)

Trace anomaly  Δ =
ε − 3P

3ε
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Behavior of the trace anomaly

28

Fujimoto,Fukushima,McLerran,Praszalowicz, PRL129 (2022)

Trace anomaly  Δ =
ε − 3P

3ε
Approximately conformal 
EoS in NS 
 
QCD favors conformal EoS 
around the NS core density 
→ onset of quark matter?

Approximately 
conformal EoS ( ) 

realized in cores of 
neutron stars

P ≈ ε/3

See also: Marczenko et al. (2022);  
Annala et al. (2023)
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Trace anomaly and speed of sound
Rapid approach to  naturally spikes Δ → 0 v2

s

29

Trace anomaly Δ =
ε − 3P

3ε
Sound velocity v2

s = ε
dΔ
dε

+ (1
3

− Δ)
Derivative Non-derivative

Fujimoto,Fukushima,McLerran,Praszalowicz, PRL129 (2022)
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Trace anomaly and speed of sound

30

Normalized trace anomaly: 
Δtr = (ε − 3P)/3ε

Sound speed: 
v2

s = dP/dε

Rapid approach to  drives the peak in  in actual dataε − 3P → 0 v2
s

Fujimoto,Fukushima,McLerran,Praszalowicz, PRL129 (2022)
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Binary neutron star mergers

31

From: Dietrich,Hinderer,Samajdar (2020)

Postmerger phase contains 
more information on the EoS

What can we learn from the future gravitaional wave observation 
of binary neutron star mergers?

Inspiral phase is what we currently observed
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Crossover EoS & possible gravitational wave signal

32

Fujimoto,Fukushima,Hotokezaka,Kyutoku, PRL130 (2022); PRD111 (2024)

Modeling of EoS:

EoS constructed by extrapolating 
two ab initio calculations
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Crossover EoS & possible gravitational wave signal

33

Fujimoto,Fukushima,Hotokezaka,Kyutoku, PRL130 (2022); PRD111 (2024)
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Lifetime of the merger remnant

34

Fujimoto,Fukushima,Hotokezaka,Kyutoku, 2408.10298

Lifetime is determined primarily by the total mass of binary
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Weak dependence on mass ratio

35

Fujimoto,Fukushima,Hotokezaka,Kyutoku, 2408.10298
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Consistency with kilonova AT2017gfo

36
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AT2017gfo, electromagnetic counterpart of GW170817, 
requires ejection of  for its observed luminosity≈ 0.05M⊙

Fujimoto,Fukushima,Hotokezaka,Kyutoku, PRL130 (2023): 2408.10298
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3. Complications in quark deconfinement & 
possible directions to tackle finite-µ QCD

37
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Quark (de)confinement may be complicated
- Several specific QCD cases & QCD-like theories indicate the possibility of 

absence of deconfinement & confinement persisting even at high density… 

- Large-  limit of QCD (QCD is ): no screening of confining potential 

-  QCD: may remain confined at high density implied from lattice QCD 

- QCD at finite isospin density ( ): 
weak-coupling calculation suggests confinement remains 

- Two-flavor color superconductor in QCD: 
effective theory after Higgs phenomenon suggests confinement

Nc Nc = 3

Nc = 2

μu = μ, μd = − μ

38

McLerran,Pisarski (2007)

Rischke,Son,Stephanov (2001)

Son,Stephanov (2000)

Hands,Kim,Skullerud (2010); Iida, Itou, et al. (2024)
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Quarkyonic matter 
— Duality between confinement and deconfinement

39

Quark confinement may persist in the regime quarks are natural d.o.f. 
→ duality (continuity) between the confined nucleons and deconfined quarks

Theoretical observations: 
- Quark confinement persists at high baryon density 
- Color is liberated, and  dependence appears in the equation of stateNc

So, no sharp phase boundary between confinement and deconfinement 
… crossover EoS

See: McLerran,Reddy (2019); Fujimoto,Kojo,McLerran (2023, 24);  
Bluhm,Fujimoto,McLerran,Nahrgang (2024) for actual model calculations
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Possible directions on the lattice

- QCD at finite isospin chemical potential ( ) 
One can constrain the symmetric nuclear matter EoS through the 
QCD inequality 

- QCD at finite  and  

- QCD at finite  in 1+1 dimensions

μu = μI /2, μd = − μI /2

μB Nc = 2

μB

40

There are a few theories similar to finite-µB QCD without sign problem:

Fujimoto,Reddy (2023);  Abbott et al. (NPLQCD) (2023, 24)
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Summary
- Deconfinement is difficult to capture 

- Hagedorn temperature (  deconfinement) 
may be  ~ 300 MeV 
… common for quarks & gluons 

- Neutron star may favor quark-like EoS 
… may be tested by future binary mergers 

- Confinement may persist at large density 
… Quarkyonic regime. 

≈
TH

41

Glueballs

Deconfined

Glueballs
Mesons

Confined
Entropy

Screening Gluons Quarks

Baryons

Quarkyonic
SQGB

Diquarks

Quarks    Baryons

Fujimoto,Fukushima,Hidaka,McLerran (2025)
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Bonus materials

42
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Comment 1: Difference in Hagedorn spectrum

43

ρ(m) =
a

(m2 + m2
0)5/4

em/TH

Conventionally used form (from bootstrap condition):

… ambiguity in the power-law in the prefactor

ρ(m) =
2π

6TH ( TH

m )
3/2

em/TH

Hagedorn spectrum from string theory:

… no ambiguity in the prefactor
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Fitting PDG with open string Hagedorn spectrum

44
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FIG. 1. Cumulative mass spectra of all (top), non-strange
(middle), and strange (bottom) mesons in the PDG (black,
solid lines). Also shown are spectra that include the predic-
tion from the quark model [34, 35] (QM) (black, dash-dotted
lines). The yellow bands represent the uncertainty in the
Hagedorn limiting temperature in the exponential spectrum
(see text for details). We note that f(500) and ?

0(700) mesons
are not included in the discrete spectra due to their ambigu-
ous nature [32, 33].

spectra from Refs. [29] and [14] which obtain the string
tension

p
� = 440(20) MeV and

p
� = 485(6) MeV, re-

spectively. This discrepancy reflects the inherent ambi-
guity in setting an absolute scale in pure gauge theory,
where no physical input exists to fix the units uniquely.

For this reason, expressing results in units of the string
tension

p
� is a robust and universal approach that elim-

inates uncertainties related to the physical scale and fa-
cilitates comparison between di↵erent LQCD simulations
and phenomenological models.
In Fig. 2, we present the continuum-extrapolated cu-

mulative mass spectrum for glueballs obtained in the
SU(3) pure-gauge LQCD simulations [14, 29]. The num-
ber of states grows approximately exponentially with
mass, consistent with a Hagedorn-like spectrum. How-
ever, a precise extraction of the exponential slope is
di�cult due to limited statistics and uncertainties in
spin identification at higher masses. The spectra from
Refs. [14, 29] are broadly consistent in state count for
SU(3), though they di↵er in methodology and the treat-
ment of higher excitations.
The observed exponential trend of the experimental

and theoretical spectra for mesons and glueballs indicates
the exponential mass spectrum predicted by Hagedorn in
the context of the Statistical Bootstrap Model [18, 19]
and then found in a dual string and bag models [39–41].

III. HAGEDORN MASS SPECTRUM

From Figs. 1 and 2 it is clear that for larger masses
the cumulative mass spectrum becomes better and bet-
ter approximated by a smooth function of m since new
states appear more frequently and the number of these
states are relatively smaller compared to the cumulated
number. In this high mass region, the spectrum can
be parameterized by the Hagedorn exponential form,
⇢H(m) ' maem/TH .
To describe the spectrum, we adopt the idea of treating

the ground-state particles separately from the continuous
spectrum. In practice, one uses the cuto↵ scale mx, such
that the continuous spectrum starts at the mass of the
lightest resonance in the spectrum. Therefore, we apply
the following mass spectrum

⇢(m) =
X

i

�(m�mi) + ✓(m�mx)⇢
H(m), (5)

where the index i counts states with mass below mx. The
cumulative mass spectrum can be computed straightfor-
wardly from Eq. (2).
In the string model, a Hagedorn spectrum is gener-

ated. In the discussion below, we will consider such a
string theory description of ⇢H(m) for physical spatial
dimension d = 3. This string-based description predicts
a universal Hagedorn temperature for mesons and glue-
balls in terms of the string tension. The pre-factor of the
exponential spectrum is also uniquely determined and
is dependent upon whether one considers mesons (open
strings) or glueballs (closed strings). The meson spec-
trum may be decomposed in terms of the quantum num-
bers of mesons, with appropriate multiplicative degener-
acy factors for spin and flavor.
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FIG. 1. Cumulative mass spectra of all (top), non-strange
(middle), and strange (bottom) mesons in the PDG (black,
solid lines). Also shown are spectra that include the predic-
tion from the quark model [34, 35] (QM) (black, dash-dotted
lines). The yellow bands represent the uncertainty in the
Hagedorn limiting temperature in the exponential spectrum
(see text for details). We note that f(500) and ?

0(700) mesons
are not included in the discrete spectra due to their ambigu-
ous nature [32, 33].

spectra from Refs. [29] and [14] which obtain the string
tension

p
� = 440(20) MeV and

p
� = 485(6) MeV, re-

spectively. This discrepancy reflects the inherent ambi-
guity in setting an absolute scale in pure gauge theory,
where no physical input exists to fix the units uniquely.

For this reason, expressing results in units of the string
tension

p
� is a robust and universal approach that elim-

inates uncertainties related to the physical scale and fa-
cilitates comparison between di↵erent LQCD simulations
and phenomenological models.
In Fig. 2, we present the continuum-extrapolated cu-

mulative mass spectrum for glueballs obtained in the
SU(3) pure-gauge LQCD simulations [14, 29]. The num-
ber of states grows approximately exponentially with
mass, consistent with a Hagedorn-like spectrum. How-
ever, a precise extraction of the exponential slope is
di�cult due to limited statistics and uncertainties in
spin identification at higher masses. The spectra from
Refs. [14, 29] are broadly consistent in state count for
SU(3), though they di↵er in methodology and the treat-
ment of higher excitations.
The observed exponential trend of the experimental

and theoretical spectra for mesons and glueballs indicates
the exponential mass spectrum predicted by Hagedorn in
the context of the Statistical Bootstrap Model [18, 19]
and then found in a dual string and bag models [39–41].

III. HAGEDORN MASS SPECTRUM

From Figs. 1 and 2 it is clear that for larger masses
the cumulative mass spectrum becomes better and bet-
ter approximated by a smooth function of m since new
states appear more frequently and the number of these
states are relatively smaller compared to the cumulated
number. In this high mass region, the spectrum can
be parameterized by the Hagedorn exponential form,
⇢H(m) ' maem/TH .
To describe the spectrum, we adopt the idea of treating

the ground-state particles separately from the continuous
spectrum. In practice, one uses the cuto↵ scale mx, such
that the continuous spectrum starts at the mass of the
lightest resonance in the spectrum. Therefore, we apply
the following mass spectrum

⇢(m) =
X

i

�(m�mi) + ✓(m�mx)⇢
H(m), (5)

where the index i counts states with mass below mx. The
cumulative mass spectrum can be computed straightfor-
wardly from Eq. (2).
In the string model, a Hagedorn spectrum is gener-

ated. In the discussion below, we will consider such a
string theory description of ⇢H(m) for physical spatial
dimension d = 3. This string-based description predicts
a universal Hagedorn temperature for mesons and glue-
balls in terms of the string tension. The pre-factor of the
exponential spectrum is also uniquely determined and
is dependent upon whether one considers mesons (open
strings) or glueballs (closed strings). The meson spec-
trum may be decomposed in terms of the quantum num-
bers of mesons, with appropriate multiplicative degener-
acy factors for spin and flavor.

Marczenko,Kovacs,McLerran,Redlich (2025)
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Comment 2: The same works in pure glue QCD
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Meyer, PRD 80 (2009)

Solid line is fit w/ 
 Hagedorn spectrum

Pure SU(3) Yang-Mills → Deconfinement takes place at  
                                     → Below  is explained by glueballs

Td ≃ 285 MeV
Td Borsanyi et al., PRD 105 (2022)
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Duality/continuity in dense QCD: Quarkyonic matter
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McLerran & Pisarski (2007): Quarkyonic matter

Quark deconfinement at high density may not be that simple…

m2
D ∼

λ′￼t Hooft μ2

Nc
→ 0

μ = μB/Nc<latexit sha1_base64="Uisc2mFHCakAal+huan/ruUH9ww="></latexit>

… deconfinement is never affected by quark medium in large-  QCDNc

cf. similar situation can be found in
Rischke,Son,Stephanov (2001)

Son,Stephanov (2000)

Hands,Kim,Skullerud (2010); Iida et al. (2024)

Quark confinement persists in the regime quarks are natural degrees of freedom 
→ duality/continuity between the baryonic and quark d.o.f

- QCD at finite isospin density 
- Two-flavor color superconductor 
- Two-color QCD
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Upshot of the duality
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fB

Non-trivial modification in baryon distribution:

This low-momentum part becomes highly suppressed due to the quark Pauli principle

Fujimoto,Kojo,McLerran, PRL 132 (2023)

Kojo (2021)

 → Phase space for baryons =   

                                                              for quarks   =  

kF,baryon = NckF,quark k3
F,baryon = N3

c k3
F,quark

k3
F,quark

 times largerN3
c
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QCD inequality
- Dirac operator:  ,  property:  

- QCD :  

- QCD :  

- From the relation : 

                   

𝒟(μ) ≡ γμDμ + m − μγ0 det 𝒟(−μ) = [det 𝒟(μ)]*

I ZI(μI) = ∫ [dA] det 𝒟( μI

2 ) det 𝒟(− μI

2 )e−SG = ∫ [dA] det 𝒟( μI

2 )
2

e−SG

B ZB(μB) = ∫ [dA] det 𝒟( μB

Nc
) det 𝒟( μB

Nc
) e−SG = ∫ [dA] Re [det 𝒟( μB

Nc
)]

2
e−SG

Re z2 ≤ |z2 | = |z |2

ZB(μB) ≤ ∫ [dA] det 𝒟( μB

Nc
)

2
e−SG = ZI(μI = 2

Nc
μB)

48

charge conjugation symmetry μB → − μB

Note: this is isospin symmetric because there is no isospin imbalance

Cohen (2003); Fujimoto,Reddy (2023); 
see also: Moore,Gorda (2023)

u quark d quark
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Direct use of QCD inequality
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PB(μB) ≤ PI(μI = 2
Nc

μB)

Constant sound speed EoS: P(ε) ∝ v2
s ε

Soft EoS (smaller  at a given ) 
is excluded

P ε

v2
s = 0.1

v2
s = 0.3

v2
s = 1.0

Excluded by LQCD Lattice data: upper bound

Lattice data: Abbott et al. (2023);  Fujimoto,Reddy (2023)
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Bounds on nB(μB)
① Stability: 

   

② Causality : 

   

③ QCD inequality on the integral: 

  

d2P
dμ2

B
≥ 0 ⇒

dnB

dμB
≥ 0

v2
s ≤ 1

v2
s =

nB

μB

dμB

dnB
≤ 1 ⇒

dnB

dμB
≥

nB

μB

∫
μB

μsat

dμ′￼nB(μ′￼) ≤ PI(μI = 2
Nc

μB)
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Properties  must satisfy:nB(μB)Komoltsev,Kurkela (2021);  Fujimoto,Reddy (2023)

Lower bound of the integral must be specified 
fix it to the empirical saturation property
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Bounds on P(ε)
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Isenthalpic line:  h = μBnB = ε + P = const

P

εO

Pmin

Pmax

Pmin

Pmax P = − ε + h
h

nB = h/μB

by changing value of  , the trajectories of  ( ) 
gives the lower (upper) bound for 

h Pmin Pmax
P(ε)

Komoltsev,Kurkela (2021); Fujimoto,Reddy (2023)
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At finite temperature
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HotQCD (2014)

 is slowly varying → Derivative component is irrelevantΔtr

v2
s ≈ P/ε

Trace anomaly Δtr =
ε − 3P

3ε
Sound velocity v2

s = ε
dΔtr

dε
+ (1

3
− Δtr)

Derivative Non-derivative
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Quarkyonic matter favors large sound speed
A partial occupation of available baryon phase space leads to large sound speed: 

                              →   

If baryons have underoccupied state, the change in density is small 
while the change in chemical potential is large

v2
s =

nB

μBdnB/dμB

δμB

μB
∼ v2

s
δnB

nB

53

fB

k

fB

k

ΔkF

1/N3
c

kF kF
→ Favor the crossover over first-order phase transition ( )v2

s = 0

Fujimoto,Kojo,McLerran, PRL 132 (2023)
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Possible signature of Quarkyonic matter in experiment

54

Fermi (kF = 263.0 MeV)
IdylliQ (kbu = 100.0 MeV, ksh = 267.6 MeV)
IdylliQ (kbu = 123.6 MeV, ksh = 271.5 MeV)
IdylliQ (kbu = 180.7 MeV, ksh = 288.0 MeV)

0.00 0.05 0.10 0.15 0.20 0.25
0.0

0.1
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ω [GeV]

d2
σ/
(d
Ω
dω

)[
μb

/G
eV

]

Electron scattering, Ee = 0.5 GeV, θ = 60 o

Koch,McLerran,Miller,Vovchenko, PRC 110 (2024)

Suppression in low-momentum part of baryon distribution explains the data well
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Possible relation of Quarkyonic matter to the phase diagram
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Bluhm, Fujimoto, McLerran, Nahrgang (2024)


