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Quark matter in neutrons stars? pQCD vs 2M,,

- ———= Mmaxic?)=

Pressure (MeV im™)

11

Energy density (MeV 1) Radius (k)

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

Existence of parameterization consistent with pQCD and 2Mg,

2

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

@ 2My, stars formation? . v g d
i 1 == 12 M,
(accretlon IS too slow) s
.
@ Supernovae with it bk ol

progenitor mass ~ 50 Mg,

@ Quark-hadron transition
stabilizes collapse

T. Fischer et al., Nature Astronomy 2, 980-986 (2018) [ [
128 o bounss
Table 1| y of the sup imulation results with hadron-quark phase transition
My irant Ligm esiogue Theatapes My cazpia’ i o Tl Mz Ecpl
(M) (s) (s) (L] (MeV) M) (=) (o) (MeV) M) {10% erg)
12 3251 3489 245 28 L7 3598 5L T 1732 a1
8¢ 1465 1578 253 2 1S58 1575 58 18 1964 16

0905 976 240 3 2163 0983 96 19 =
1ma 1215 237 = i) 2105 1224 58 Ell 23

Deconfinement is a supernova engine for massive blue giants



Quark matter in neutrons stars? Hyperons

Yeming L ()
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FiG 4. EoS models and MR rebations for N, NY, and NVA com-
posilions of stellar matter. The bands are penemted by v ;
parameters G [MeV] o, b and Ly [MeV] (e, d). Thy
om0 Ly allowed by ¢ EFT and maximum mnss consty
inlicated in the figures

Hyperons soften EoS

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

o Generators of the conformal group

M,, = i(x.0,—x,0,) — boosts/rotations
P, = —id, — translations
D = —ix,0" — rescaling
K, = i(x*0,—2x,x,0") — special transformation

@ Scale invariance + thermodynamic identities

[p] = [energy?*!]
[11] = [energy] = e=dp, 2=%=1

9
E=pz —p
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QCD @ high densities
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@ Negligible quark mass e Heavy Quarkonis (NLO)

¢'e¢” jets/shapes (NNLO+res) +o

@ Asymptotic freedom

PRpp (ets NLO) Fa—
L o % EW precision fit (N*LOp= ]
m<< /.L ) pp (lop, NNLO) ==
o aaf )
e EoS g
2 I
NcNf,U .
= — 55 T corrections
1271’ ol F
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e 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 Wi e hetE 66 81 5ss
already @ the neutron star densities Luf—

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

o Criteria of approximate conformal behavior -.

—Qgp2 9 e _ 3us
° KNM —9[136n2“3 g ~ >

0l, D. Blaschke, Particles 5, 4, 514 (2022)

o do= /8 + (£9)% < dh*¥on ~ 0.2

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

_ Knm _ 2 2-65
° fe=gup =555 <0

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

[MaV

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

o ...
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

o Consistency with observational constraints on properties of neutron stars

N¢ = 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)

4

space-time nonlocality of quark interactions

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

P (Gev)

@ Quark interactions in effective approaches (separable approximation)

2

~ 2 L ~ £
(@qu) — < / dz g, qx+z/2rqx_z/z) M

&, — space-time dependent fromfactor / \
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Nonlocal NJL model for three-flavor quark matter

L=73(if = m+ p10)q + Gs > _sasa — Gujuf* +3Gp > _ dpd,,

a=0,8 a,b=2,5,7

@ Scalar interaction channel — chiral symmetry breaking/restoration

s(x) = / dz §(2)q (x+ 3 ) o (x = 5 )

T, - generators of SU(3) flavor group
@ Vector interaction channel — repulsion

) = [ dz g2 (x+ ) v (x - 3)

@ Diquark pairing interaction channel — CFL color superconductivity
- zy . . z
dp(x) = [ dz &(2)q (X + E) I75TaAbq (X - 5)

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

_ ikz ~ _ 2 2
g = [ dz € g(z) = exp(—I2/N)



Bozonization & mean-field equations

L = qid—m+pr)g— > <saaa+ 0202)

4Gs
a=0,8

+ jﬂwu_kwuoﬂ _ Z <da+bAab+A:bdab n A:bAab>

4Gy b2 T 2 12Gp

m - the same for all quark flavors

o Euler—Lagrange equations @ mean-field approximation

o, = —2G553 — —2G5<50>530 = 0'530
Wy = _2GV_j/_L — —2G\/<_/.0>5#0 = w5ﬂo
Aab = 76GDdab — 72GD Z <dcc>6ab = Aéab
c=2,5,7

@ Mean-field Lagrangian

2 2 2 c-1 : A
A w A 4
MF_QsQo e AR e (S8 iBesO
4G5 4G\/ 4GD iA gk'yg,(’) 5,
St =k — My £y0(p + wgk), M = m+ go, O = moha + TsAs+ T A7



Thermodynamic potential @ T =0

Q9 — _ﬁi\/ |n/[DQ][DQ] exp (/ dx /;MF>
o lalei i

Jj,a=%

@ Single-particle energies
detS1=0 = 5 = sign (&) /> + A%, 68 = /K2 + M2FuFwer

@ Mean-field equations

dk [1 & Mg
o = 263 [ )
J,a

Ejk €k
dk |1 €l
o= ey [ 2 da
; ’ (277)3 2 Ik ejk
A =

dk |1 A
26, g [ L m] Bog
GD &~ dj/(2ﬂ_)3 |:2 Jk:| ejkCJ gk
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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) p
“ /0 . /

e
vanishing incompressibility " ’
P
Y o e /ﬁ
gravitational compression induced a2 e ;

pile up of density

BEC of sexaquarks =- mechanical instability of nuclear matter

=> phase transition to quark mater
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Parameterization

e Current quark mass (flavor blind for simplicity)

mzwzas MeV

@ Chiral condensate in the vacuum
02 anree

250 MeV
@a) =5 — S = )
——
regularization -
soor | ] ]
. S en=NP 1
o Momentum dependent mass in the vacuum Oﬁ% ]
100 = 1
my=m-+o . % 1
k Ek m, Gs, A - fixed a0 ﬁj ;
my—o = 400 MeV 3
J. Skullerud, D. B. Leinweber, and A. G. Williams, Phys. Rev. D 64 , 074508 (2001) = z00[- f;& E’ EEE% EE&E—
o Phase transition @ BEC of sexaquarks oo |- Eﬁ% O
. E mexmru,m»w,mw
e = Mg/2 = 1027 MeV = Gp — fixed N S Mttt i
0 2 4 3

B (GeV)
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Solution of mean-field equations @ T =0

@ Destruction of CFL phase

ur [Mel]

Msy > M. =2/ Ake i

=
T

Msk = ms + gko

[E T i 1000 1200 ) 1600, 680
T. Schafer, F. Wilczek, PRD 60, 074014 (1999) Hy [Mel]

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

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

Does not happen for 2
the chosen values
of the model parameters

o [MeV] a [MeV]
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Pressure @ T =0

T
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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?
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Is CFL quark matter nearly conformal?

Value of X at its minimum

1.25 T T T T
0.08
1.1}
0.05 0.06
% H
[ £
PN
0.8l 0.04F
0.65 0.02F
05 . L i 1 ol
0.2 0.3 0.4 0.5

Oleksii lvanytskyi Pseudoconformality in CFL quark matter



Comparison to hadron matter

0.6 — " |
— Fsuz
f——  FsUZH /
—— Fsuzm o /
p——  Hig Apple
— ™I % o
5 TMIE - i
@5 t NL3p55
NIL3pha
NL3wpll y /
ooz
DD2F
DD2FY
0.4 DOTY
=
0.3
0.2- 1
1] 02 4 0.6 0.8 1]

ny [fm™]

Xmin o~ 0.15

hadrons

Oleksii Ivanytskyi Pseudoconformality in CFL quark matter



Scale invariance of a fermioic degree of freedom

@ Scale invariance and single particle energy

T —= AT

= Al = Q:de/%ln [1+exp<“E)] = \*Q
k - Ak (2m) T
I
E — \E

@ Single particle measure of scale invariance

_ OInE
Oln k|

=1

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

@ Characteristic
¢ =const = E|k*?

e Equation of state

dk dk
n:d/ o k2, z—::d/ E()(k,z_ff(z)ocn(“*qﬁ)/3

(2m)3 (2m)3
= n—e—nﬁ—e—ﬂe
P=# ~ dn 3
¢ 1-¢
5 - §7 C§ - T
x = Y20
3
@ Approximate scale invariance

. 1
X < Xphons =015 = ¢ < 3

Oleksii lvanytskyi Pseudoconformality in CFL quark matter



Hadron matter is not scale invariant (as expected)
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CFL quark matter as well
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Pseudoconformal behavior
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CFL quark matter as well
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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

o 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

Ny =2 Nf=3
state d*(2380) S
content uuuddd uuddss
status observed being searched

(WASA-at-COS
Collaboration)

e
o

pn — da'n’

o [mb]

e
-
T
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0‘1;_ dnx Em\‘.-nu]d

26
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P. Adlarson, et al., Phys. Rev. Lett., 106 (2011)
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Double strange six-quark state

@ Dibaryon molecule of two As
© Weakly bound or resonance
nature
@ Large mass
@ lIrrelevant for the phenomenology
of dense matter

e Multiquark state (sexaquark)
© Deeply bound
@ Not too large or small mass

@ Important for the phenomenology
of dense matter

o Stability with respect to strong processes

Ms < 2Mp = 2230 MeV = no S — A + A decay

o Stability with respect to weak processes

Ms < Mp + My = 2054 MeV = no S — A+ N + | decay
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Sexaquark: what to expect?

o Electrically neutral color, flavor, spin singlet

completely antisymmetric wave function 1)s = compact deeply bound state

@ Chromomagnetic and chromoelectric contributions from s

Ms = 1883 MeV => only the double weak decay S — 2N + 2/ is allowed

F. Buccella, PoS CORFU2019, 024 (2020)

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

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

@ Sexaquark in the Early Universe QCD transition

fm

thermal production at T = 156.6 MeV R0 Re
v i i
I —_——— s
. [ ML 1950 Mo
€s/etor compatible to the 0

baryons-to-dark matter ratio

Ratia

TR R T~ N TR TR S I
T [MeV]
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 no BEC

/

ite n

]

BEC
! BEC P
/ L

'MS,/Q ite n

BEC of sexaquarks = mechanical instability of nuclear matter

=> phase transition to quark mater
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Sexaquarks and CFL quark matter

o Diquarks as color antitriplets
. . dissociation if S triggers
393 =306 = O d";:_‘a; ksu:x’a“ — liberation of diquarks
q9 = CFL quark matter

e Micro
nucleons S-BEC & nucleons  CFLL quark matter
Ha< mg/2 Ha=ms/2 Hg=mg/2
P a®. ® v 9 2
a2 2 2 @
2 & e :g: LI :" 2 @,
2%, .o 9
e Macro L4 e - 200 Tae
v @ % > B e 2%,
= > &
] a® &
ta © a
3. LQ! u‘ﬁ:‘ ‘l-‘aq p: “ ? & il
Fe Lahd e @ [
? ? a @
2 & 2 a2 a
ng ng Ng
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Onset of quark matter

@ Weak decays stability

Ms < My + Mp = Mgpset < 0.7 Mg

e Strong decays stability

Monset [Mo]

M5 < 2M/\ = Monset <131 M@ 05

0,25

o Instability

I M I :
no Sexaq uark onset 10900 2000 2100 2200 2300
M;s [MeV]
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