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Phase diagram of strongly interacting matter

Figure from T. Kojo arXiv:1912.05326 [nucl-th]
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Quark matter in neutrons stars? pQCD vs 2M⊙

E. Annala, T. Gorda, A. Kurkela, J. Nättilä, A. Vuorinen, Nature Physics 16, 907 (2020)

Existence of parameterization consistent with pQCD and 2M⊙

⇓

Argument in favor of quark cores?
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Quark matter in neutrons stars? Supernova explosions

2M⊙ stars formation?
(accretion is too slow)

Supernovae with
progenitor mass ∼ 50 M⊙

Quark-hadron transition
stabilizes collapse

T. Fischer et al., Nature Astronomy 2, 980–986 (2018)

Deconfinement is a supernova engine for massive blue giants
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Quark matter in neutrons stars? Hyperons

Hyperons soften EoS

⇓

EoS can be stiffened by quarks
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Conformal symmetry vs equation of state (EoS)

Generators of the conformal group

Mµν = i(xµ∂ν − xν∂ν) − boosts/rotations

Pµ = −i∂µ − translations

D = −ixµ∂
µ − rescaling

Kµ = i(x2∂µ − 2xµxν∂
ν) − special transformation

Scale invariance + thermodynamic identities

[p] = [energyd+1]

[µ] = [energy] ⇒ ε = dp, c2S = ∂p
∂ε = 1

d

ε = µ ∂p
∂µ − p
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QCD @ high densities

Asymptotic freedom

Negligible quark mass

m ≪ µ

EoS

p =
NcNf µ

4

12π2
+ corrections

δ ≡ Tµµ

3T00
=

1

3
−p

ε
→ 0

c2S ≡ ∂p

∂ε
→ 1

3
taken form ATLAS Open Data

Is conformal behavior a signature of quark matter in NS?
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Conformality vs quark matter in neutron stars

Assumption:

quark matter can be approximately conformal
already @ the neutron star densities

Caution: non-conformal behavior does not
mean absence of quark matter

Criteria of approximate conformal behavior

KNM = 9n2
B

∂2

∂n2
B

ε
nB

≃ − 3µB
2

OI, D. Blaschke, Particles 5, 4, 514 (2022)

dc =
√

δ2 +
(
ε dδ
dε

)2
< dhadron

c ≃ 0.2
E. Annala et al., Nature Commun. 14, 845 (2023)

βc ≡ KNM
9µB

= c2S − 2−6δ
3−3δ

< 0
M. Marczenko et al. PRD 109, L041302 (2024)

...

S. Altiparmak et al., Astrophys.J.Lett. 939, 2, L34 (2022)

None of the criteria is microscopic. How reliable they are?

Does their breaking mean absence of quark matter?
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Model to test conformality in neutron stars

Quark degrees of freedom

Asymptotically conformal behavior in agreement with pQCD

Consistency with observational constraints on properties of neutron stars

Nf = 3 nonlocal NJL model with vector repulsion

and diquark pairing
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Nonlocal character of quark interactions

QCD interactions

Indications from the lattice

p-dependent renormalization of quark propagator
(p-dependent quark mass)

⇓
space-time nonlocality of quark interactions

J. Skullerud, D. B. Leinweber, and A. G. Williams, Phys. Rev. D 64 , 074508 (2001)

Quark interactions in effective approaches (separable approximation)(
qx Γ̂qx

)2

→
(ˆ

dz g̃z qx+z/2Γ̂qx−z/2

)2

g̃z – space-time dependent fromfactor
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Nonlocal NJL model for three-flavor quark matter

L = q(i /∂ −m + µγ0)q + GS

∑
a=0,8

sasa − GV jµj
µ + 3GD

∑
a,b=2,5,7

d+
abdab

Scalar interaction channel – chiral symmetry breaking/restoration

sa(x) =

ˆ
dz g̃(z)q

(
x +

z

2

)
τaq

(
x − z

2

)
τa - generators of SU(3) flavor group
Vector interaction channel – repulsion

jµ(x) =

ˆ
dz g̃(z)q

(
x +

z

2

)
γµq

(
x − z

2

)
Diquark pairing interaction channel – CFL color superconductivity

dab(x) =

ˆ
dz g̃(z)q

(
x +

z

2

)
iγ5τaλbq

c
(
x − z

2

)
λb - generators of SU(3) color group
Gaussian formfactor in instantaneous approximation

g(k) ≡
ˆ

dz e ikz g̃(z) = exp(−k2/Λ2)
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Bozonization & mean-field equations

Lbos = q(i /∂ −m + µγ0)q −
∑
a=0,8

(
saσa +

σaσa
4GS

)

+ jµω
µ +

ωµω
µ

4GV
−

∑
a,b=2,5,7

(
d+
ab∆ab +∆∗

abdab
2

+
∆∗

ab∆ab

12GD

)
m - the same for all quark flavors

Euler–Lagrange equations @ mean-field approximation

σa = −2GSsa → −2GS⟨s0⟩δa0 ≡ σδa0

ωµ = −2GV jµ → −2GV ⟨j0⟩δµ0 ≡ ωδµ0

∆ab = −6GDdab → −2GD

∑
c=2,5,7

⟨dcc⟩δab ≡ ∆δab

Mean-field Lagrangian

LMF = QŜQ − σ2

4GS
+

ω2

4GV
− |∆|2

4GD
, Ŝ−1 =

(
Ŝ−1
+ i∆gkγ5Ô

i∆∗gkγ5Ô S−1
−

)
Ŝ−1
± = /k −Mk ± γ0(µ+ ωgk), Mk = m + gkσ, Ô = τ2λ2 + τ5λ5 + τ7λ7
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Thermodynamic potential @ T = 0

Ω = − 1

βV
ln

ˆ
[DQ][DQ] exp

(ˆ
dx LMF

)
= −

∑
j,a=±

dj

ˆ
k

[
1

2
− f ajk

]
ϵajk +

σ2

4GS
− ω2

4GV
+

∆2

4GD

Single-particle energies

det Ŝ−1 = 0 ⇒ ϵajk = sign (ϵak)
√
ϵak

2 +∆2
jk, ϵ±k =

√
k2 +M2

k∓µ∓ωgk

Mean-field equations

σ = 2GS

∑
j,a

dj

ˆ
dk

(2π)3

[
1

2
− f ajk

]
ϵak
ϵajk

Mkgk
ϵk

ω = 2GV

∑
j,a

da
j

ˆ
dk

(2π)3

[
1

2
− f ajk

]
ϵak
ϵajk

gk

∆ = 2GD

∑
j,a

dj

ˆ
dk

(2π)3

[
1

2
− f ajk

]
∆

ϵajk
ζ2j g

2
k
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Scenario of onset of quark matter in neutron stars

BEC of stable double strange sexaquarks
M. Shahrbaf, et al., Phys. Rev. D 105, 103005 (2022)

⇓

vanishing incompressibility

⇓

gravitational compression induced
pile up of density

BEC of sexaquarks ⇒ mechanical instability of nuclear matter

⇒ phase transition to quark mater
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Parameterization

Current quark mass (flavor blind for simplicity)

m =
mu +md

2
= 3.5 MeV

Chiral condensate in the vacuum

⟨qq⟩ = ∂Ω

∂m
− ∂Ωfree

∂m︸ ︷︷ ︸
regularization

= −(250 MeV )3

Momentum dependent mass in the vacuum

mk = m + σgk

mk=0 = 400 MeV
m,GS ,Λ – fixed

J. Skullerud, D. B. Leinweber, and A. G. Williams, Phys. Rev. D 64 , 074508 (2001)

Phase transition @ BEC of sexaquarks

µc = Ms/2 = 1027 MeV ⇒ GD – fixed
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Solution of mean-field equations @ T = 0

Destruction of CFL phase

MSk > Mc ≡ 2
√
∆kF

MSk = ms + gkσ

T. Schafer, F. Wilczek, PRD 60, 074014 (1999)

M. G. Alford, Jet al., Nucl. Phys. B 558, 219 (1999)

H. Abuki, Prog. Theor. Phys. 110, 937 (2003)

Does not happen for
the chosen values

of the model parameters

Oleksii Ivanytskyi Pseudoconformality in CFL quark matter



Pressure @ T = 0
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Speed of sound @ T = 0
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Dimensionless interaction measutre @ T = 0
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Neutron stars with CFL cores
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Is CFL quark matter nearly conformal?

X ≡

√
δ2 +

(
c2S − 1

3

)2
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Is CFL quark matter nearly conformal?
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Comparison to hadron matter

Xmin
hadrons ≃ 0.15
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Scale invariance of a fermioic degree of freedom

Scale invariance and single particle energy T → λT
µ→ λµ
k → λk

⇒ Ω = −Td

ˆ
k

(2π)3
ln

[
1 + exp

(
µ− E

T

)]
→ λ4Ω

⇓

E → λE

Single particle measure of scale invariance

ϕ ≡ 1− ∂ lnE

∂ ln |k|

ϕ = 0 for a conformal degree of freedom
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Microscopic criterion of approximate scale invariance

Characteristic
ϕ = const ⇒ E ∝ |k|1−ϕ

Equation of state

n = d

ˆ
dk

(2π)3
∝ k3

F , ε = d

ˆ
dk

(2π)3
E ∝ k4−ϕ

F ∝ n(4−ϕ)/3

p = µn − ε = n
dε

dn
− ε =

1− ϕ

3
ε

δ =
ϕ

3
, c2S =

1− ϕ

3

X =

√
2ϕ

3

Approximate scale invariance

X < Xmin
hadrons ≃ 0.15 ⇒ ϕ ≲

1

3
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Hadron matter is not scale invariant (as expected)

Oleksii Ivanytskyi Pseudoconformality in CFL quark matter



CFL quark matter as well

Pseudoconformal behavior
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CFL quark matter as well

Pseudoconformal behavior
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Conclusions

Nonlocal NJL model for three-flavor quarks matter with vector repulsion and
color-superconductivity

Agreement with the observational data of neutron stars

CFL quark matter is unlikely to be conformal but exhibits
pseudoconformality
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Conclusions

Thank you for your attention
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Six-quark states

Nf = 2 Nf = 3

state d*(2380) S

content uuuddd uuddss

status observed being searched
(WASA-at-COS
Collaboration)

P. Adlarson, et al., Phys. Rev. Lett., 106 (2011)
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Double strange six-quark state

Dibaryon molecule of two Λs
1 Weakly bound or resonance

nature
2 Large mass
3 Irrelevant for the phenomenology

of dense matter

Multiquark state (sexaquark)
1 Deeply bound
2 Not too large or small mass
3 Important for the phenomenology

of dense matter

Stability with respect to strong processes

MS < 2MΛ = 2230 MeV ⇒ no S → Λ + Λ decay

Stability with respect to weak processes

MS < MΛ +MN = 2054 MeV ⇒ no S → Λ + N + l decay
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Sexaquark: what to expect?

Electrically neutral color, flavor, spin singlet

completely antisymmetric wave function ψS ⇒ compact deeply bound state

Chromomagnetic and chromoelectric contributions from ψS

MS = 1883 MeV ⇒ only the double weak decay S → 2N + 2l is allowed
F. Buccella, PoS CORFU2019, 024 (2020)

Weakly-interacting state with lifetime of the Universe?
Dark matter candidate within QCD?

G. R. Farrar, J.Theor.Phys. 42 (2003) 1211-1218

Sexaquark in the Early Universe QCD transition

thermal production at T = 156.6 MeV
⇓

εS/εtot compatible to the
baryons-to-dark matter ratio

D. Blaschke et al., Journal of Modern Physics A, Vol. 36, No. 25, 2141005 (2021)
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Sexaquarks condensation in nuclear matter

no BEC

BEC

BEC of sexaquarks ⇒ mechanical instability of nuclear matter

⇒ phase transition to quark mater
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Sexaquarks and CFL quark matter

Diquarks as color antitriplets

3⊗3 = 3⊕6 ⇒ 3 diquarks interact
as 3 quarks

⇒
dissociation if S triggers
liberation of diquarks
= CFL quark matter

Micro

Macro
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Onset of quark matter

Weak decays stability

MS < MN +MΛ ⇒ Monset < 0.7 M⊙

Strong decays stability

MS < 2MΛ ⇒ Monset < 1.31 M⊙

Instability

no sexaquark onset
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