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© Introduction

© Cold quark-matter models
@ Quark stars admixed with dark matter
@ Neutral and charged twin hybrid neutron stars
@ Quark stars obtained within R2—gravity
@ Lepton rich quark matter
@ Heavy cold quark matter and charm stars

© Summary
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Phase diagram (cartoon) of QCD in medium
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1 Chiral EFT Neutron stars

Strongly-interacting phases in different conditions [Drischler, 2021].
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Pulsating Source of Radiation — Pulsar
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[https://cnx.org/contents/v-2IbQIC@10/Pulsars-and-the-Discovery-of-
Neutron-Stars]
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Tolman-Oppenheimer-Volkov Equations

e Tolman (1934) and Oppenheimer with Volkov (1939) derived the
equations for hydrostatic equilibrium in relativistic stars in order to
obtain their, in principle, observable masses and radii.

@ These equations are

2--Stp 2 g porese
S —amrer

with boundary conditions + physical conditions
P(r=0)=Py, #(r=0)=0, P(r=R)=0, #(R)=M.

@ To be solved consistently, one needs the microphysics input called
Equation of State (EoS): P = P(e) or € = ¢(P).
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The Oppenheimer-Volkov limit (1939)

@ They modeled NS as a gas of relativistic degenerate neutrons in
hydrostatic equilibrium with gravity, for which they obtained
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(Sagert, Hempel, Greiner, JSB 2006)

@ Then, interactions + new phases are important !
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on Star Interiors [Weber, 1999]
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2. Ab initio theory: Quantum Chromodynamics
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Thermal and dense QCD:

Simple prescription but a challenging calculation

@ The total pressure of a QCD can be obtained from
P(T,p)=Tlog / DEDYDA, e~ | @’ drtaco,

@ For T #£0 and p < T: Lattice-field theory methods.

@ For 2 T: Unfeasible due to the fermionic sign problem.

@ We only have perturbative control at low densities (chiral effective
field theories)and perturbative QCD at ultra-high densities.
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Usual deconfined QCD matter models

e (1) MIT bag model
@ (2) Constant-speed-of-sound (CSS) parametrizations
@ (3) Effective MIT bag model adding QCD corrections

@ (4) Perturbative QCD
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Ex. of (1): Quark stars admixed with dark matter

Three possible configurations for dark compact stars
[Karkevandi et al., arXiv:2112.14231 (2021)]
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Two-fluid TOV equations

@ The two-fluid Tolman-Oppenheimer-Volkov (TOV) equations are
given by [Sandin & Ciarcelluti, 2009]

dpou _  (pou +equ)dv  dmaom _,
dr 2 dr T dr e
dpom _ _ (Pom +eépm) dv dmpm 4rPepns
dr 2 dr’ dr ’
@ B 2(mQM + mpy) + 47rr3(pQM + ppm)
dr r(r — 2(mqum + mpwm)) '

o Self-interacting DM degenerate gas [Narain et al., 2006]:

1 1Y’
&i\ﬂ _ [(223 _ 32)\/1—1-722—1— 3sinh_1(z)] + <37r2> y22°,

my, 2472

where z = kg /mp being 'kg' the Fermi momentum and y = mp/m;
being ‘m;’ the interaction mass scale. We explored
mp = 1,10, 50, 100,200,500 GeV and y = 103(sDM).
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Radial oscillation equations of two-fluid stars

For two-fluid stars one can also write the total Lagrangian variables as

&€ =&qu + Epm and Ap = Apqm + Appy (omitting e™t), which gives us
the two-fluid radial pulsating equations:

déqum/pm _ 3¢ N Apgu\  dp&qm/pym
dr QM/DM ) dr (p+e)’

dA d
W —gQM/DM {w2e (p—|—6)r—4dp}+

$qm/pM { <ZI:> 0 ; i 8me’ (p + 6)PF} +

dp A
— p+6—47r(p+6)re } ,

where [ is the adiabatic index, A(r) = —In(1 — 2(mqum(r) + mpm(r))/r)
satisfying A(Rqm) = —v(Rqwm) and A(Rpm) = —v(Rpwm)-

Apon/pm {
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Corresponding fundamental-mode frequencies
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Quark stars admixed with dark matter
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Corresponding fundamental-mode frequencies
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Corresponding fundamental-mode frequencies
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Ex. of (2): Neutral and charged twin neutron

The entire EoS for the CSS model is given by

enm(p)

E(p) — p < pt7
enm(pt) + Ae + C(if/[(P —pt) pP>pr.
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EoSs with strong first-order transitions [V. Gongalves, JCJ and LZ, 2022]
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Corresponding mass-radius relations
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(4) Cold and dense perturbative QCD (pQCD)

=
(

S/

P(11B)/ Pee ~ 14 €19 + §2g4 + chg*log g + g§g6 log? g + c5g%log g + . ..
NLO NNLO N3LO
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Cold and dense pQCD

@ In principle: Imaginary-time path integral for in-medium QCD

Q(T7HUaMdaM57 ms) = —T|og/D1;D¢DAMe—fd3xfol/T dTLQCD’

1 a ra 7
Laco = 4 FuFy + Vi(vu Dy + mi — pino)i-
o State-of-the-art: NNLO pQCD calculation of Kurkela et al., (2010).

Q@ ({ug}, ms(A), as(A)) = Q™=+ (Q™ + Lyt + Qring)

SO 0B
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State-of-the-art pQCD results
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Extreme QCD matter.
Left panel: Finite-temperature case from different formalisms,
Right panel: Beta-equilibrated and neutral pQCD matter,
[Fraga et al., 2014].
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Ex. of (4): Quark stars obtained within R>—gravity

The 3-loop result of Kurkela et al. (2010) can be cast in a simple pocket
formula for the pressure given by [Fraga et al., 2014]

_ (18) (C . a(X) )
where psp(ug) = (3/47%)(ug/3)* is the Stefan-Boltzmann pressure.

10

B pQCD : FKV [X]

—

P [GeV/fm®]
=] =]
(=] —
= (=]
(=] (=]

14.0 14.5 15.0 15.5 16.0 16.5
Log p [g/cm’]

EoSs for cold nuclear and quark matter from pQCD [JCJ et al., 2022].
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Quark stars obtained within R’—gravity

The modified TOV equations within the f(R) = R + aR? gravity or

Starobinsky

dy
dr
d\
dr
d?R
dr?
dp
dr

model are

1
~ 4r(1+2aR + arR’
1

- 2(1+2aR (1— 2A) }
4r(1—|—2aR—|—arR’){ (1+2aR) )t

e / ;2 /
=S IR - Ny — )R
o R o+ (V-0 - 2) R,

] [r2e2>‘(167rp —aR?) + } ,

=—(p+p)¢.

As in GR, the stellar surface is found when p(r = ry;) = 0.
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Quark stars obtained within R’—gravity

In order to ensure the regularity of the geometry at the stellar center, we
establish the following boundary conditions

p(0) = pe, »(0) = v, A(0) =0,
R(0) = R, R'(0) =0,

where “p.” and “R." are the values of the central energy density and
central scalar curvature, respectively. Besides, it is also useful to settle the
junction conditions as

win(rsur) = wout(rsur)a )\in(rsur) = )\out(rsur)v
Rin(rsur) = Rout(rsur)a R,{n(rsur) = R{)ut(rsul‘)'
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Quark stars obtained within R’—gravity
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Solution of the Starobinsky TOV equations [JCJ et al., 2022]
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Quark stars obtained within R’—gravity

— a=0(GR) _
—— a=1r2 EO
----- a =102 E
FKV1
145 15.0 15.5 16.0 16.5 0 1 2 3 4
Mp: [Mo]

Log p [g/em®]

Effects on their radii and binding energies [JCJ et al., 2022]
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Ex. of (4): Lepton-rich quark matter

@ Protoneutron star matter in core-collapse supernova explosions.

@ Dynamics of a 1st-order phase transition to the quark phase in a
lepton-rich hadronic environment.

@ Quark matter bubble nucletion, computation of thermal nucleation
rates and corresponding nucleation times, and so on.
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. of (3): Lepton-rich MIT Bag with QCD corrections

@ This quark model can be written as [Mintz et al. 2010]

ui e |
— 1 e v
PUHN = =) | 2 ga| Pt b 52 = B

i=u,d

and

4
I 3
Ps=(1- C)47:2 - mmgﬂg-

@ In this model the “B” and “m," constants are free parameters.

o Effective perturbative corrections are included in the constant
c ~ 0.3, expressing the nonideality of the gas.
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Ex. of (4): Lepton-rich pQCD Matter

* Using the NNLO quark densities from Kurkela et al., (2010)

{nu(pu), na(na), ns(ps)} (X = 3N pg),

we impose and solve simultaneously the following conditions:
(a) Local electric charge neutrality

2 1 1
ny— —Ng — —Ns = ng.

37" 373
(b) Equilibrium against the weak interaction
pa + 13 = pu+pd, 1 = pis.

(c) Lepton fraction conservation of Y, = (n. + n,)/ng = 0.4.
* Thermodynamical consistency gives the total pressure as

. di,  dpe diie dpiy
P(p, X) = dii {ny (1+ S = ZE) 4 ong4ong 4 neote 4on, F
d d

po(X) Hs Hs 2
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Lepton-rich pQCD thermodynamics

1.0

0.8F

0.6

P/Psg

04r

0.2r

0.0

ps[GeV]

Normalized total pressure of quark and leptons, parametrized only by X
[Jiménez and Fraga, 2018].
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pQCD vs. MIT bag in lepton-rich conditions

— pMIT+Y|, Case1

0.21 — pMIT+Y_, Case3 -

0.0

ps[GeV]

Normalized total pressure for models of quarks and leptons
[Jiménez and Fraga, 2018].
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Lepton-rich SQM hypthesis

In a protoneutron-star environment, the SQM hypothesis becomes

E(us, X X u
(s, X) _ e(ps, X) _ L(MV — fte) + 31s < 930MeV.

Q
A ng ng
1.0 ' ' '
—_ YL(X=4) W
o8l 4“"” ---------------
sl T YL (X=3.75)
= ]
= R Y, (X=3.5)
A o4l
.......... Y, (X=3.45)
0.2+ ;
F— - KRV(X=2.95)SQM
0.0
0 1 2 3 4 ° ¢

up[GeV]
Reduced SQM configurations [Jiménez and Fraga, 2018]
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Ex. of (4): Heavy cold quark matter and charm stars

State-of-the-art result: N>LO QCD thermodynamic potential of
[Kurkela et al., 2010] for u, d, and s quarks, with RG improvements in the
strange mass “ms" and strong coupling “as" parameters:

QD o ({g} > ms(A), as(A)) = Q70+ (2™ + Qg + Qring) »

which considered the calculation of the following Feynman diagrams

) -0 B

for a gas of “N,” massless (Q™= 0 ) plus “1" massive (Q™ + Q3 + Qring)
contributions. Originally, th|s case was called “Nf =2+ 1"
* In general, this formalism works perfectly also for “Nf = N, +1".
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Beyond Ny = N, + 1: Cold heavy QCD matter

The pQCD thermodynamic potential Q for “N;” massless and “N,,"
massive quarks can be written as

Nm ) N ) )
QINF] =Y QaeoN] = > {QIN]+ Q) .
i=1 i=1

*Ilmmediate application: Charm quark matter representing a total flavor
sum over massless u, d, and massive s, ¢ as

Ne=24+2=(u4c)Y +(d+5)® =1+1)V+1+1)3,

where N,(i) =1 and N,, = 2. Thus, one obtains:

Q[N =2+2] = {Q[N,(l) 1]+ 9[1(1>]} {Q[N(Z) 1] + 9[1(2>]}
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Total (normalized) pressure for charm quark matter

P/Psg

— Nj=4(X=2)
— X=3
— X=4
— X=5

0.0 0.5 1.0 15 20 25 5 10 15
us[GeV] Radius [Km]

Left panel: Total pressure for a system of Ny = 2 + 2 quarks plus leptons
in B-equilibrium and electrically charge neutral normalized by the
Stefan-Boltzmann massless free gas with Ny = 4. Right panel:
Corresponding MR diagram [JCJ and Fraga, 2020].
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Charm matter: Mass vs. energy density and radius

3.0
25F
20F
¢
E 15F
75}
w»
§ 1.0F
0.5 . . . . .
0.1 1 10 100 1000 104
€.[GeV/fm?]

Total gravitational mass vs. central energy density and radii for a system
with Ny = 2 + 2 quarks plus leptons. The black dots indicate the
appearence of the charm quarks in the system [JCJ and Fraga, 2020].
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Can interacting charm quark stars exist in Nature?

We perform the general-relativistic analysis of complex frequencies by
making w? — —w? in the pulsation equations, where now w? > 0 allow us
to probe unstable stars associated to the charm EoS.

20

N
am
=
= 10 ’
E :
— 2 Np=4(X=3)
5 1
0
0 2 4 6 8 10
ot ‘ ‘ ‘ ‘ ‘ ‘ i
0 500 1000 1500 2000 2500 3000 3500

€.[GeV/m3]

Imaginary part of the fundamental mode frequency fy as a function of the
central energy densities for X = 3 [JCJ and Fraga, 2020].
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@ We have investigated cold and dense matter with different but usual
models inspired and calculated from QCD and the phenomenology of
the strong interactions at high and low energies.

@ In particular, although pQCD gives reliable results only at high
densities, it gives us control of its unreliability at low densities
through an inherited energy scale, the so-called renormalization scale
parameter.

@ We are not getting full answers but insights.

@ Nonperturbative QCD techniques are needed plus
astrophysical /experimental constraints like, e.g., gravitational waves
or from heavy-ion physics, in order to probe the hadron/quark
transition region in a protoneutron star environment.
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