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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)

Decon�nement is a supernova engine for massive blue giants
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Quark matter in neutrons stars? Hyperons

Hyperons soften EoS

+

EoS can be sti�ened by quarks
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How to distinguish quark and hadron matter?
Intrinsic energy scale of nuclear matter:

MN ' 1GeV ) scale invariance is broken ) c2
S 6= 1=3

Perturbative QCD: free quark gass + corrections ) c2
S ! 1=3

Speed of sound from holography: c2
S . 1=3 ) quark matter

A, Cherman, T. Cohen, A. Nellore, Phys. Rev. D 80, 066003 (2009)

Conjecture

Unjusti�ed reversion: non-conformal behavior = no quark matter
(below I show that it is wrong)
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QCD @ high densities

Asymptotic freedom

Negligible quark mass
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taken form ATLAS Open Data

Is conformal behavior a signature of quark matter in NS?

Oleksii Ivanytskyi Pseudoconformality in CFL quark matter



Conformal symmetry vs equation of state (EoS)

Generators of the conformal group

M�� = i (x� @� � x� @� ) � boosts=rotations

P� = � i@� � translations

D = � ix� @� � rescaling

K� = i (x2@� � 2x� x� @� ) � special transformation

Scale invariance + thermodynamic identities

[p] = [energyD+1 ]

[� ] = [energy] ) " = Dp; c2
S = @p

@" = 1
D

" = � @p
@� � p
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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 = 9 n2
B

@2

@n2
B

"
nB

' � 3� B
2

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

dc =
q

� 2 +
�
" d�

d"

� 2
< dhadron

c ' 0:2
E. Annala et al., Nature Commun. 14, 845 (2023)

� c � KNM
9� B

= c2
S � 2� 6�

3� 3� < 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

N f = 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 e�ective approaches (separable approximation)
�

qx �̂ qx

� 2
!

� �
dz ~gz qx+ z=2�̂ qx� z=2

� 2

~gz { space-time dependent fromfactor

Oleksii Ivanytskyi Pseudoconformality in CFL quark matter



Nonlocal NJL model for three-
avor quark matter

L = q(i =@� m + �
 0)q + GS

X

a= 0;8

sasa � GV j� j � + 3GD

X

a;b=2 ;5;7

d+
abdab

Scalar interaction channel { chiral symmetry breaking/restoration

sa(x) =
�

dz ~g(z)q
�

x +
z
2

�
� aq

�
x �

z
2

�

� a - generators of SU(3) 
avor group
Vector interaction channel { repulsion

j� (x) =
�

dz ~g(z)q
�

x +
z
2

�

 � q

�
x �

z
2

�

Diquark pairing interaction channel { CFL color superconductivity

dab(x) =
�

dz ~g(z)q
�

x +
z
2

�
i 
 5� a� bqc

�
x �

z
2

�

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

g(k) �
�

dz eikz ~g(z) = exp( � k2=� 2)
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Bozonization & mean-�eld equations

L bos = q(i =@� m + �
 0)q �
X

a= 0;8

�
sa� a +

� a� a

4GS

�

+ j� ! � +
! � ! �

4GV
�

X

a;b=2 ;5;7

�
d+

ab� ab + � �
abdab

2
+

� �
ab� ab

12GD

�

m - the same for all quark 
avors

Euler{Lagrange equations @ mean-�eld approximation

� a = � 2GSsa ! � 2GShs0i � a0 � �� a0

! � = � 2GV j� ! � 2GV hj0i � � 0 � !� � 0

� ab = � 6GD dab ! � 2GD

X

c=2 ;5;7

hdcc i � ab � � � ab

Mean-�eld Lagrangian

L MF = QŜQ �
� 2

4GS
+

! 2

4GV
�

j� j2

4GD
; Ŝ� 1 =

�
Ŝ� 1

+ i � gk 
 5Ô
i � � gk 
 5Ô S� 1

�

�

Ŝ� 1
� = =k � Mk � 
 0(� + ! gk ), Mk = m + gk � , Ô = � 2� 2 + � 5� 5 + � 7� 7
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Thermodynamic potential @T = 0


 = �
1

� V
ln

�
[DQ][DQ] exp
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Single-particle energies

detŜ� 1 = 0 ) � a
j k = sign(� a

k)
q

� a
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2 + � 2
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q

k2 + M 2
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Mean-�eld equations
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Parameterization

Current quark mass (
avor blind for simplicity)

m =
mu + md

2
= 3 :5 MeV

Chiral condensate in the vacuum

hqqi =
@

@m

�
@
 free

@m| {z }
regularization

= � (250 MeV)3

Momentum dependent mass in the vacuum

mk = m + � gk

mk=0 = 400 MeV
m; GS; � { �xed

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

Dimensionless couplings

� V = GV =GS and � D = GD =GS { free parameters
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EoS of neutron stars

Charge neutrality

� -equilibrium

Hadron EoS: DD2npY-T
M. Shahrbaf et al., PRD 105, 103005 (2022)

Maxwell construction
(not principal for modeling NSs)

M. Cierniak, D. Blaschke, Astron.Nachr. 342 (2021)

� onset = 1027 MeV
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Neutron stars with CFL cores
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Model educated Bayesian analysis

Basic constraints
1 M = 2 :01+0 :04

� 0:04M �

(PSR J0348+0432 by Antoniadis et al.)

2 M = 1 :44+0 :15
� 0:14M � , R = 13 :02+1 :24

� 1:06 km
(PSR J0030+0451 by Miller et al.)

3 M = 2 :08+0 :07
� 0:07M � , R = 12 :92+2 :09

� 1:13 km
(PSR J0740+6620 by Dittmann et al.)

4 M = 1 :418+0 :037
� 0:037M �

, R = 11 :36+0 :95
� 0:63 km

(PSR J0437-4715 by Choudhury et al.)

5 � 1:4 = 190+390
� 120

(GW170817 by Abbott et al.)

Additional constraints
1 M = 2 :35+0 :17

� 0:17M �

(PSR J0952-0607 by Romani et al.)

2 M = 0 :77+0 :20
� 0:17M � , R = 10 :04+0 :86

� 0:78km
(HESS J1731-347 by Doroshenko et al.)

Setup
1 51 � 31 = 1581 hybrid EoSs

2 � V = [0 :5; 1:5], � D = [0 :2; 0:5]
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Vector and diquark couplings

Basic constraints Basic & additional constraints

Astro data prefer � V ' 0:95, � D ' 0:4
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