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o Hybrid stars: quark matter core and hadronic mantle.

e PART 1: Role of surface tension & in hybrid stars. | will show a microscopic

calculation of 6 suggesting that the quark-hadron interface can be a
sharp discontinuity.

e PART 2: Dynamic stability of hybrid stars with reacting sharp interfaces.
Role of the conversion speed on dynamic stability. New class of hybrid
stars is possible if conversions are slow ("slow stable" hybrid stars).

e PART 3: Properties of "slow stable" hybrid stars:
e Mass-radius relations.
e Tidal deformabilities.
e Non-radial discontinuity g-modes.



1. The interface between
hadronic and quark matter



Depends on how electric charge neutrality is achieved.

1) Local charge neutrality = Maxwell construction = sharp discontinuity.

2) Global charge neutrality:
e Charged lumps of one phase embedded in a background of the other

one.
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- charge separation lowers the free energy.

* Two opposing effects:

- Surface and Coulomb effects increase the free energy.



- There are many studies of the quark-hadron mixed phase [Heiselberg, Pethick,
Staubo 1993, Glendenning 2001, Voskresensky et al 2003, Endo, et al 2006, Paoli and
Menezes 2010, Yasutake et al (2014, 2019), Wu and Shen 2019, Maslov et al (2019), etc.]

- All of them assume that ¢ is a constant free parameter (independent of density,

T, etc.).

- Wu & Shen PRC 99, 065802 (2019): RMF model for hadrons, NJL model for

quarks. The structure of the mixed phase is analyzed as a function of 6.
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- Maslov et al. PRC 100, 025802 (2019): RMF model for hadrons, RMF density
functional for quarks
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If the surface tension is larger than a critical value o, the mixed phase is too
expensive and a sharp discontinuity arises between quarks and hadrons.



e The basic idea of the MRE, is that the propagation of a particle in a cavity

can occur either directly (as described by the free space propagator S9,

or by one or more reflections at the surface (Balian and Bloch 1970,
Hansson and Jaffe,1983).

e A formula relating the density of states to the propagator § can be
derived.

e For spherical drops one obtains an expansion of the form:
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volume surface curvature

- The volume term is seen to be universal in the sense that it is
independent of the nature of the field.

- The coefficient functions f; and f- depend on the momentum and the
mass, but also on the type of field (scalar, spinor, vector, ...).

For quarks:
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e Thermodynamic integrals in a finite region are obtained from the bulk ones
by including the MRE density of states:
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An infrared cut-off is needed because p(k) becomes negative for low k.

e With this replacement the grand thermodynamic potential can be written
as:

QV = —PV+06S+yC+ -

P = pressure, ¢ = surface tension Yy = curvature tension



MIT bag model:

free quarks bag
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Working in the mean field approximation (MFA) and defining Gy, = (g/mv)zone finds

(Lopes & Menezes 2021):
grand thermodynamic potential (per volume): € = Z QF + B—%m‘z,Vg,

i=q,l

)1/2 —1

e Fermi-Dirac distribution: f;‘_‘_F = <1 + exp[((k2 + m,-z + ﬂi*)/T]> '
o effective chemical potential: u> = p, — GI/ZmVVO

e equation for the vector field: m,V, = G/* (n +n;+n )
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Surface tension of spherical structures:

e We include the MRE density of states in the thermodynamic potential.

o We consider different radii.
e We assume drops in chemical equilibrium under weak interactions.

e Quark matter electric charge at drop’s boundary enters as a free

parameter.

o We explore thermodynamic conditions of three astrophysical scenarios:

- cold NSs: T'= 0, no trapped neutrinos.
- proto NSs: T'~ 30 MeV, u, ~ 100 MeV.

- Post merger NSs: T'~ 100 MeV, u, ~ 200 MeV.
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RESULTS
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Dependence with radius R, electric charge and T+v-trapping not dominant.

Strong dependence with the density and the vector coupling constant.

When vector interactions are turned off: ¢ < 25 MeV/fm? (small).

As Gy increases, 0 may become larger than the critical surface tension

(Gcrit

~ 100 MeV/fm?) if the density is large enough (above ~ 6ny).

The main conclusion of these results is that vector interactions inhibit mixed

phases in HS. The interface could be a discontinuity if the transition occurs at

sufficiently high density.
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NJL model: (Lugones, Grunfeld & Al Ajmi, PRC 2013)
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Large surface tension: ¢ ~ 145 — 165 MeV/fm?
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Take-home message of Part 1:

Quark matter surface tension o is still uncertain, but some phenomenological
calculations suggest that it may be large.

Large o favors the existence of sharp interfaces in hybrid stars.
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2. Dynamic stability of stars
with sharp reacting interfaces



Response of the NS to small radial perturbations in the metric and in the
thermodynamic variables:

* Solutions of the perturbation equations exist only for discrete values of the
2 .2 )

frequency = normal radial modes (v, ®;, w; -
e the fundamental mode frequency w, determines stellar stability.

- a)g > 0 = all perturbations oscillate (e”'“") = stable star.
- a)g < 0 = exponential grow (el®ly —> unstable star.

e Theorem of Harrison, Thorne, Wakano, Wheeler (1965): for cold catalyzed
matter described by a continuous EOS the static stability conditions hold:

- Stability (w, is real) —> oM/op, >0
- oM/op,. <0 —> Instability (w, imaginary)
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For cold catalyzed matter described by a continuous EOS, changes of
stability occur at stationary points in the M — p. or the M — R diagram.

[Harrison, Thorne, Wakano & Wheeler (1965), Bardeen et al. 1966; Meltzer & Thorne 1966
and Thorne 1967]
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What happens with radial perturbations in a sharp quark-hadron interface?
[Pereira, Flores & Lugones, ApJ 860:12 (2018)]

e When a HS is perturbed, fluid around the interface moves and may suffer a
phase conversion.

e Which is the role of the conversion speed on dynamic stability?
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We consider two limiting cases: rapid and slow conversions.

Treactions

< 2770)0_1 ( ~ 1 ms)

rapid conversions

hadrons

hadrons

hadrons

- matter converts instantaneously when
compressed or raritied around p,.
- interface at rest.

Treactions

> 272'600_1 ( ~ 1 ms)

slow conversions

hadrons

hadrons

hadrons

- matter does not change its nature
due to the perturbations.

- interface moves with same period as
perturbations.




Interface behavior can be encoded in junction conditions on the Lagrangian
perturbations. Pereira, Flores & Lugones ApJ 860:12 (2018)

<<a)0‘1~1ms T >>a)0‘1~1ms

T reactions
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Solving Chandrasekhar’s pulsation equations with these junction conditions
we find numerically:

» RAPID TRANSITIONS: same behavior as for one-phase cold
catalyzed stars.

Static stability conditions remain valid: changes of stability occur at
maxima/minima in the M — p. or the M — R diagram.

» SLOW TRANSITIONS: changes of stability are not necessarily at
maxima/minima in M vs p. or M vs R.
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EXAMPLE, see Pereira, Flores & Lugones ApJ 860:12 (2018)
e HM EOS: RMF model NL3.

e QM EOS: generic MIT bag model (Alford et al. 2005).
B'* = 180MeV, a, = 0.75, a,”* = 100MeV
* Boundary condition for slow conversions.

usually considered as unstable, but

may be stable (we call these objects
Slow-Stable Hybrid Stars)
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Ultra high densities at NS cores (up to ~ 20p, ). 22
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3. A more systematic analysis of hybrid
stars with reacting interfaces



e Model-agnostic EOSs (3000 models):
e HM: piecewise polytropic EOSs
(O'Boyle et al 2020)

e QM: constant speed of sound
EOS (Alford et al PRD 2015).

e Transition pressure and density
jump at the transition are free
parameters.

e Constraints:
o CEFT below 1.1n,,.
e pQCD beyond ~ 40n,,.
e Between these limits: causality

e We checked that integral
constraints (Kolmotsev & Kurkela
2022) are fulfilled.

M, . >2M,

| &'()*+,-

&(+- *

Lugones, Mariani & Ranea-Sandoval,
arxiv:2106.10380
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Results that verify the EOS constraints fall in two qualitatively different groups.

(a) low transition pressure

(a) rapid conversions (b) slow conversions
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- Fine tuning of parameters is needed to obtain these configurations.
- "Fully stable” branch: stable independently of the conversion speed. 25



(b) high transition pressure

MM, |

(a) rapid conversions

hadronic
branch

------- unstable HSs

12
RIkm]|

(b) slow conversions

hadronic
branch

— SSHSs
------- unstable HSs

12
R[km]|

- these configurations arise for a wide range of EOS parameters.

- New “slow stable” branch: dynamically stable only it interface conversions are

slow.




Results for M — R relation

*All current astrophysical constraints
are fulfilled: 2M, pulsars, GW170817,
2 NSs measured by NICER.

e|n the case of slow conversions:

- Twins stars with the same M but
different R.

- Ultrahigh densities at the center of
Slow-Stable Hybrid Stars! tens of n
at the center of the last stable
object (in some cases
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Lugones, Mariani
- & Ranea-
- Sandoval,
- arXiv:2106.10380

H(&

« for SSHS, A is not necessarily a decreasing function of mass.
« A of SSHS are smaller than for hadronic stars.
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- Hadronic EOS: CEFT + piecewise
polytropic EOS (Hebeler et al 2013).

Tonetto & L , PRD 2020
- Quark EOS: generic I\/IIT bag model, - el A
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very long damping times.

Slow-Stable hybrid stars.

e significantly larger
frequencies (f~ 1-2 kHz).

* much shorter damping times
(a few seconds in some cases).
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e Surface tension of quark matter is still uncertain. It could be high and favor
sharp interfaces in hybrid stars.

* A new branch of hybrid stars is possible if interface conversions are slow

(they have dM/de,. < 0 but they are stable) = fulfills all current
observational constraints.

e Extremely large densities could be possible at their cores ( ~ 20 — 60 n,).

e Observational identification:
v Twin stars,
v discontinuity g-modes,
v small tidal deformations.
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