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We can not solve QCD at
large densities from first

principles due to the sign
problem

There are no experimental
results in this region so far

We may use effective
models to try to describe
strongly interacting matter

Neutron stars may provide
constraints for these
models

Motivation: QCD and neutron stars
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Linear sigma model

Simple effective model that realizes global chiral symmetry:
SU(1) linear sigma model:

L=V][i)—g(o+imys)V+ i [(8,0)% + (0um)?] — V(o, )
Mesonic potential: V(o,m) = 2(0? + 72— f2)2, A >0

Spontaneous symmetry breaking: (o,7) — (f + o, 7)

— generates mass for the fermion: mq = gf (Goldberger—
Treiman relation)

< Nambu-Goldstone boson: m; = 0, my, = vV 2\f2

Including thermal contribution from quarks — symmetry is
restored at high temperature and density

— SU(3) theories describe vacuum phenomenology and chiral
phase transition successfully
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eLSM Particle content

e Vector and Axial-vector meson nonets

wpy+p° + o\ M fin+a + +\ X
L V2 ’ K ) 3 a Ky
wo— L _ _ wo— 1 _ fin—
v 7 P w,\iﬁ: K*0 A 7 a 1/\:_531 Kf
K*= K* ws Ko KO A
p — p(770), K* — K*(894) a1 — a1(1230), K1 — K1(1270)
wy — w(782),ws — ¢(1020) fin — f(1280), fis — f(1426)
e Scalar (N 6,-qj) and pseudoscalar (N c_],-'y5qj) meson nonets
ontag + *t ny+m° + +
1 V2 % 0 Ko 1 V2 " 0 "
dg = 7 ay (7,\_(530 Kgo Pps = 7 T nNQ; KO
K™ K os K= K® s
multiple possible assignments m — w(138), K — K(495)
mixing in the oy — o5 sector mixing: ny,ns — 1(548), n’(958)

Spontaneous symmetry breaking: oy /s acquire nonzero expectation values ¢p /s

fields shifted by their expectation value: on/s = on/s + dnys
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oo f Uy To=182 MoV —— — subtracted chiral condensate:
Ugige: T2® =150 MeV
08 | Ugige: T2*® =182 Mev
3 Ugiger T2 =210 Mev hy
o7 u::: Té‘“’:zm Mev (¢N - E : q>5
06 Uge: T4 =270 MoV A ls = T
. — ’ h
P latice (‘DN _ % ] ¢5> ‘ ]
ol T=0
03 f . .
ol — good agreement with the lattice re-
ok Ny sult of Borsanyi et al., JHEP 1009, 073
e e | (2010)
0.4 0.3 0.2 0.1 o 0.1 0.2 03 0.4 0.5
t
s 7, K, fy included S8 —
«, K included
wincluded
o no mesonic contribution
—a— lattice .

— pions dominate the pressure at small T
— contribution of the kaons is important sl
— at high T the pressure overshoots the B
lattice data of Borsanyi et al., JHEP 1011, 077 2f
(2010)
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Results at zero chemical potential

(p-3e)T*

Scaled interaction measure

Uy, Tn=|‘82 MeV, om)‘: - -
Uy To=182 MeV — — -

Ugiger TE9=150 MeV
Ugiue T9U0=182 MeV.
Ugiye: T8¥=210 MeV
Ugiger TE=240 MeV
Ugiue: T9¥=270 MeV.

lattice +—=—

Speed of sound and p/e

0.35 T T T

0.3

Uyyys To=182 MeV/
Ugiyer T2 =182 MeV

0.1
Ugiye: TE" =210 Mev
Ugiye: T2 =270 MeV
008 Ugiye: T2 =270 MeV,
gue TS =270 MeV, only &
lattice —a—r
° . . . . . . .

-1 -0.5 0 0.5 1 15 2 25 3 35

For large temperature the speed of sound approaches the

conformal limit ¢ — 1/3

Figures are from P. Kowvdcs et al., Phys.

ot

Rev. D 93, 114014 (2016)
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Ingredients for hybrid stars 1

For hybrid stars we need the EoS at high density and T = 0:
> we need to introduce non-zero vector condensates
> free electron gas + S-equilibrium
» charge neutrality: %nu — %nd — %ns —ne=20
» 5 field equations (no Polyakov-loop contribution)

— a naive parametrization —
chiral symmetry would be

broken at high densities 120]

. . : = ool

— investigating the asymptotic 2™

. oy w 80F

behavior we get an additional 2

. < 601
constraint for the parameters a0l [ sy
— we get m, = 290 MeV from ol T
¢s, original

parametrization

0 200 400 600 800 1000
g [MeV]
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Ingredients for hybrid stars 2

Hybrid stars also have a hadronic crust and outer core:
» at low densities we use hadronic EoS’s (SFHo and DD2)

> we apply a smooth crossover between the two phases:
1. €(n) interpolation

&) = en()F-(n) +eq(n)fi(n),

fu(n) = % (1:|:tanh ("F ﬁ))

2. p(u) interpolation with polynomial
N

p(ns) = > ConB, peL<ps < psu,

the C,, coeflicients are B%tained by matching the pressure
and its derivatives at the boundary points
< 4 tunable parameters altogether: m,. gy, i, [ (or ug, pey)
— we use the £(n) interpolation with 7 = 3.5ny and ' = 1.5ng
as our standard choice .

Janos Takatsy
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Equation of state

N 0.9
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— the concatenation results in a stiff intermediate density

region for larger vector couplings
— the maximum density inside hybrid stars resides in the

Crossover region

igner.hu
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M — R curves for different gy/’s

1800 T
25k \ . —— v = 0, quark
1600 z — = gy =2, quark |
Rezzolla ct al. £ _ — 4, quark
*************************************** L & 1
2k PSR J0348+0432 1400 & gv = 6, quark
o . z ——gv =0, hybrid
~ 1200 E — = gy =2, hybrid|]
) \‘\ Excluded by Annala et al. : gv =4, hybrid
© 15l Sxcluded by Annala et al. L ]
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— Bauswein et al. =
E 800
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2001
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— larger vector couplings result in larger hybrid star masses
— maximum masses are increased due to the intermediate
density stiffening of the hybrid EoS’s

— with m, =290 MeV gy is constrained to 2.6 < gy < 4.3

igner.hu
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1mmarx
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.\. ‘\‘
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— large sigma masses (brighter tones) are excluded by upper
radius constraints

— maximum mass hybrid stars seem to reside in a small region,
independent of the phase transition parameters’
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Different concatenations
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— the stiffer intermediate region also appears with the p(u)
interpolation

igner.hu



Different concatenations
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— the stiffer intermediate region also appears with the p(u)

interpolation

— the maximum mass of hybrid stars is mainly determined by
the EoS of the quark phase

— independent of concatenation method and hadronic EoS

igner.hu
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Results from Bayesian analysis

— a lower sigma meson

mass of m, = 290 MeV is 25 /\ e a0 viey

preferred by astrophysical ~ '

measurements 2} @ ]
gy = 5.1,

< we get g, ~ 5 when con- my = 290 MeV \ /

— we can also estimate g,
using meson masses in a —__N191N21

self-consistent approxi- —N19+N21+GW17
mation [1] — we get g, =5 05

sidering GW170817 as well ~ — 15/ 4’?7 |
i Excluded by Annala et al.
=

< phase transition happens
at around 3 — 4ng for the % 11 12 13 1@ 15 1 1
highest probability curves R [lem]

[1] Gy. Kovécs et al., Phys. Rev. D 104, 056013 (2021) 13
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Summary

Conclusions

> we developed a model that

describes vacuum phenome-
nology and finite temperature
behaviour accurately

we found that the maximum
neutron star mass can be used
to constrain the parameters of
the model

from our Bayesian anlysis we
found that g, ~ 5 consistently
with our self-consistent
investigation, which gives
Mmax ~ 2.4 M@

Janos Takatsy

Future work

» quantify the effect of
using different
constructions for
phase transition

» investigate the allowed
ranges of the
constituent quark
model parameters

» investigate what we
can learn about the
phase transition from
the Bayesian analysis




Thank you for your attention!




	Motivation
	The eLSM
	Results
	Summary

