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Can NS be described by
quark matter - MIT, NJL, NJLv ?

hadronic+quark matters in hybrid stars ?
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Abstract

The theory governing the strong nuclear force—quantum chromodynamics—predicts that
at sufficiently high energy densities, hadronic nuclear matter undergoes a deconfinement
transition to a new phase of quarks and gluons!. Although this has been observed in
ultrarelativistic heavy-ion collisions??3, it is currently an open question whether quark
matter exists inside neutron stars*. By combining astrophysical observations and
theoretical ab initio calculations in a model-independent way, we find that the inferred
properties of matter in the cores of neutron stars with mass corresponding to 1.4 solar
masses (M) are compatible with nuclear model calculations. However, the matter in the
interior of maximally massive stable neutron stars exhibits characteristics of the deconfined
phase, which we interpret as evidence for the presence of quark-matter cores. For the
heaviest reliably observed neutron stars>° with mass M = 2M,, the presence of quark matter
is found to be linked to the behaviour of the speed of sound ¢ in strongly interacting matter.
If the conformal bound ¢z < 1/3 (ref.”) is not strongly violated, massive neutron stars are
predicted to have sizable quark-matter cores. This finding has important implications for
the phenomenology of neutron stars and affects the dynamics of neutron star mergers with
at least one sufficiently massive participant.



Estrelas hadronicas, hibridas, de quarks

1969 - estrelas hibridas (possibilidade de um
caroco supercondutor)
lvanenko + Kurdgelaidze

1970 - estrelas de quarks - Itoh

conjectura de Bodmer (1971) - Witten (1984)
estrelas estranhas

estrelas hibridas - com ou sem fase mista
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Proto-Estrela

Gigante Vermelha

Super
Gigante Vermelha
Nuvem em Contragao

Tipod  0,8M<M<8M. Tipo-ll
Tipo-ll 8M<M<25M,
Tipo-lll 25M<M<100M.

Msc. Thesis - James Rudinei Torres



Quark star candidates

SGR 19500+14 SGR 1806-20 SGR 1627-41

SGR 0501+45

SGR 0526-66

Courtesy picture: C. Kouveliotou and Chengmin Zhang



Quark stars - Stability window

Two-flavor quark matter (2QM) must be unstable :
E/A > 930 MeV (Fe binding energy)

Three-flavor quark matter (SM) must be stable:
E/A <930MeV



From microscopic physics
(quantum and nuclear phys.)
to macroscopic properties
(astronomical observations)

Equation of state N hydrostatic equilibrium

N

stellar properties



Free Fermi gas

Lo = w(iVFLau —m)y
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Free Fermi gas
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Charge neutrality
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Chemical equilibrium

Hy T He = g = fig



Quark Stars - MIT Bag Model
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Density dependent mass quark model

m; = M;o +mr = m;o 73 }Cpb/
Pb
1 givy
:—E is Pi= =, gi=06

_ * 2 2
Vz'—\/ﬂ%; — m;






ENERGY PER BARYON (MeV)
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Quark Stars - DDQM

SQM stable @

SQM metastable @
SQM unstable @
2-flavor QM stable @

Betania C. Backes,E.Hafemann,

l. Marzola and DPM,
J.Phys.G48, 055104 (2021)
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Motivation: why magnetic fields?

Magnetars - eB = 0.5m? m2.=35x1018G
Non-central HIC - eB = 5 — 15m?2,_

Early Universe - eB = 30m?2,,

in natural units: eB =1 GeV? B =1.69 x 109G

Heaviside-Lorentz, Gaussian and natural units lead to different conversions!



QCD Phase Diagram - NJL model]
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T. decreases at high u; size of 15! order line increases with B;
Tpe (Cross-over) increases at u =20

S.S. Avancini, D.P. Menezes, M.B. Pinto and C. Providéncia; Phys.
Rev. D 85, 091901(R) (2012).



Pulsars x Magnetars

Crab nebula pulsar/ Chandra Just my imagination

B=10"G B =10 G

magnetic field at the surface



NS interior composition explorer - 06/2017
Main NS manifestations:

M = M, ~10°° Kg
R~ 10Km

p=M/R’>~10"°Kgq/I

* Pulsars - powered by rotation
energy (1900 observed in
radio-frequency)

* Accreting X-Ray Binaries

. S ‘
N
\" | powered by gravitational energy

.’i Athena rotation periods 0.0015-1000 s)

Advanced telescope for high energy astrophysics
| to be launched in 2030



Magnetars don't fit into these categories! They are normally isolated
NS whose main power source is the magnetic field.

There are 2 classes of magnetars (29):
http://www.physics.mcgill.ca/~pulsar/magnetar/main.html

-+ Soft gamma-ray repeaters (discovered in 1979 as transient X-ray
sources and giant flares - 11 confirmed, 4 candidates);

- Anomalous X-ray pulsars (identified in 1990 as a class of persistent
- X-ray with no sign of a binary companion - 12 confirmed,
-+ 2 candidates);


http://www.physics.mcgill.ca/~pulsar/magnetar/main.html

Known magnetar candidates

Courtesy picture: C. Kouveliotou and Chengmin Zhang




The formalism - hadronic matter - chaotic EoS
Luiz Laércio Lopes and DPM, JCAP 08, 002 (2015)

— — 2

— , 1 1
Loup =) [W” (104 — evAp — ooy = Go.p 5T ) = (M = Go,00) | Y6 + 5w
b

2
1 2 - = U 1 7 2 2 1 v 1 Uy 1 U
ML s 5((%08 o—mioc*) —U(o) — ZF F,— ZQ O — ZP P,
1 . 1., .
Ulo) = giko” + Ao non-linear terms

Elep — Z @El [Zﬁyu(a,u — BZA,u) — ml]wl
[

leptons - free Fermi gas



MFA - Euler-Lagrange - egs. of motion
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My = my — gv,000, Az =A3=0;4; =—Byy

-
E, = \/kg + M} 4 2v|e| By + gp.wwo + gB,pESpO, E; = \/kg + m? + 2v|e| By

B &
e| Ozn / \/k2+M*—|—2yle\BOd/~c

1 1 * 1.2
EZP/O VK2 + My kPdk

1
em = 5 (mQJ(% + miwg + mpp()) + U(o)



0.01

0.1 ¢

0.01

--.._..
a
a

-
-
S
~
»
~
-
»
Y
~a
~

-
~
a
~
-
~
-
~ e
-
-
»
-
-
~
-
-
-
-
~
-~
-
-
~a
~
~ 4

[I].

04 0.6 0.8 1 1.2
n (fm>)

B =3 x 10%@G



M/M,

24 [ | | |

2

16 F -
12+ -
08 B=00 — l

y=4
0.4 Y=6I -------- I I > I
10 11 12 13 14 15

o M/Mg | R(km) | €. (Mev/fm?) | B, (x10*°G)
= 0. 2.00 11.96 1122 0.0
4 2.21 12.18 1063 2.84
6 2.21 12.27 1046 2.79




Neutron star oscillations

Before the merging, tidal interactions can excite the fluid
modes by resonance;

oscillation modes perturb the metric;
quadruple modes dominate the emission of GW;

non-radial oscillations can be calculated and their frequency
computed;

a family of modes can be calculated;

we look at the fundamental mode (around 2 kHz),
which are expected to be detected by the Einstein telescope.
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Uncertainties concerning EOS to describe magnetars:

Can magnetars be part of binary systems?
How strong is B inside the star?

Although low B’s do not affect the EOS and the
macroscopic properties, they affect the crust-core
transition, with many consequences:
- can explain glitches,
different Love number and tidal polarizabilities.

density dependent B not really justified, but calculations
with LORENE may produce too large B’s at the surface
and too big crusts.



Space Observatories (X- ray telescopes)

4-’-»
x -
&8 detectors
XMM Newton )
X-ray multi-mirror mission KO L Chandra
European Space Agency ™k e Earth-satellite
1999-2022 Vst Adfustment Mecharisn NASA
In orbit 1999-2021

NuSTAR
Nuclear Spectroscopy Telescope Array
NASA - launched in 2012



The Future ??7?

2017
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Mais imagens

Evolved Laser
Interferometer Space

Antenna 2034

A Evolved Laser Interferometer Space Antenna ou
4 k Antena Espacial de Interferdbmetro a Laser, ou ainda
.A, i At he na 3 como é conhecida pela abreviagdo de cada uma de
P ' : suas primeiras letras, eLISA, € um sistema de trés
g satélites da Agéncia Espacial Europeia com previsao
de lancamento em 2034. Wikipédia




The ET (Einstein Telescope) project Web Site !

ET - underground infrastructure - 3rd generation
gravitational wave observatory - 2030 ?




Final Remarks

Hadron physics is a very rich field, with many aspects
still to be investigated

Different (T, chemical potential) of the QCD phase diagram
can be described

In general, it involves multidisciplinary areas
(thermodynamics, statistical mechanics, astrophysics,...)

Modelling hadronic matter properly remains a challenge
and NS are excellent laboratories



The quest for the holy grail (EOS and a good
formalism) continues...

Physics is an empirical science
It is not physics unless it can be tested empirically

It is not proved unless it is verified experimentally

Conselho Nacional de Desenvolvimento
Cientifico e Tecnoldgico

INCT-FNA
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