Quark Matter in Neutron Stars in Light of Mass
Measurement of PSR J1614-2230

Rafat Lastowiecki
with David Blaschke, Thomas Klahn,
Fredrik Sandin and Hovik Grigorian

Institute of Theoretical Physics
University of Wroctaw

Zakopane
26.05.2012

R.tastowiecki (University of Wroctaw) CS in NJL Zakopane 26.05.2012 1/25



@ PSR J1614-2230

© NJL model

© Systematic studies

e DD2 and Hyperons

© KMT interaction and strangeness

© Conclusions

R.tastowiecki (University of Wroctaw) CS in NJL

Zakopane 26.05.2012

2/ 25



PSR J1614-2230

© PSR J1614-2230

R.tastowiecki (University of Wroctaw) CS in NJL Zakopane 26.05.2012 3/25



PSR J1614-2230

gt uark-hybrid traditional neutron star
ar : .

neutron star with

hyperon
sér pion condensate

Fe
105 giem 3

quark
matter 25C 1 3
(ud,s quarks) 10 gem

1014 yom <

" ~==_ Hydrogen/He
;wnos%here

stranga star
nucleon star

R ~ 10 km

R.tastowiecki (University of Wroctaw) CS in NJL Zakopane 26.05.2012 4 /25



PSR J1614-2230

.?.w
L
L 3 -
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Neutron star mass (Mg)

Lattimer, James M. et al. . arXiv:1012.3208 [astro-ph.SR]

R.tastowiecki (University of Wroctaw) CS in NJL Zakopane 26.05.2012 5/25



PSR J1614-2230

—n— I
I e gy
1 I-'l—!
et :
N ]
i e
—a— i
i R . S
. i
: : L5 ]
el
' w295 ms puisar WHite dwarf—
W i 87 Tie neutron star
‘ NGC 1881 bmnﬂes

M5
.nul.‘rtsuu|_._|
|—..,_1_.._.mnr.::5-ul

I—IH in HEI‘.‘ B782

I i I. L I [ . E e T 1. v I R | i i i i1 i i Iulrji;B
.0 0.5 1.0 2.0

Meutron st-ur mass {M.a]

Lattimer, James M. et al. . arXiv:1012.3208 [astro-ph.SR]

R.tastowiecki (University of Wroctaw) CS in NJL Zakopane 26.05.2012 6 /25



PSR J1614-2230

R.tastowiecki (University of Wroctaw) CS in NJL



PSR J1614-2230

Almost edge on system (89.17 inclination angle).
Companion mass of 0.5 solar masses.
Companion is a helium-carbon-oxygen white dwarf.

The neutron star mass:

M = 1.97 + 0.04 M,

Highest well known mass of NS before:

M_/1903 = 166M@

P.Demorest et al., Nature 467, 1081-1083 (2010)
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NJL model

© NJL model
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NJL model

Effective Lagrangian

Linn = Gsnp Y (is7aAsCa’)(q CinsTaraq)
a,b=257
8
+ Gs > [(@ma)® + nv(Giv09)’]
a=0
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NJL model

Effective Lagrangian

Linn = Gsnp Y (is7aAsCa’)(q CinsTaraq)
a,b=257

8
+ Gs Y [(729)* + nv(3iv09)?]
a=0

Thermodynamical potential
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NJL parameters

A = 602.3[MeV]

Gs = 6.38427

m; = 5.5[MeV]

¢ = 361.886[MeV]
ms = 138.757 [MeV]

¢s = 447.814[MeV]

Parameter set taken from Table Ill. (M(p = 0) = 367.5[MeV]) of:
H. Grigorian, Phys.Part.Nucl.Lett. 4 (2007) 223-231

With corrected current strange quark mass:
http://3fcs.pendicular.net/psolver
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Phase transition

Hadrons not yet described by NJL model
Two phase system:

e quark-gluon plasma described by NJL
e nuclear matter described by DBHF

@ Phase transition construction:
o Maxwell construction - "sharp” phase transition
o Gibbs construction - "smooth” phase transition
e "pasta’ phases - surface tension is unknown!

Additional freedom in modelling

R.tastowiecki (University of Wroctaw) CS in NJL Zakopane 26.05.2012 12 /25



Systematic studies

© Systematic studies
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PSR J1614-2230 constraint
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Symmetric EoS systematics

P[MeV fm"]
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CS in NJL

@ Increase in np leads to

earlier onset of quark
matter and as an effect
better fit with flow
constraint

Increase in 1y leads to
later onset of quark
matter and as an effect to
high transition density in
symmetric matter and
conflict with flow
constraint
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Compact stars configurations

@ Increase in 7p leads to
earlier onset of quark
matter and lower
maximum mases of
compact stars
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Systematics along the constraint line
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CS in NJL

@ Parameters chosen such
that maximum mass is
equal to that of
“Demorest pulsar”

@ The onset of quark
matter can be tuned to
values as low as 1.5My,,

@ Flow constraint is violated
by this configurations
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DD2 and Hyperons

e DD2 and Hyperons
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Equation of state
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M-R relations
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Inner structure of hybrid stars
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KMT interaction and strangeness

© KMT interaction and strangeness
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Formulas

Effective Lagrangian

Liw = Gsnp Y, (qi1570Cq7)(q7 Cirsmaraq)
a,b=2,5,7
8
+ Gs Z [(§729)* + nv(@iv09)?]
a=0
— K[det¢(q(1 + v5)q) + det¢(q(1 — vs)a)]
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Thermodynamical potential
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M-R relations

o White dwarfs — "normal”
neutron star — CFL
hybrid star

dP(r) G P(r) P( ) 26M(r)]
ar __rz[p(r)+c2 M) + a0 | |1~
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M-R relations

@ White dwarfs — "normal”
neutron star — CFL
hybrid star

@ On the right: solutions of
TOV equation
(non-rotating
configurations)
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M-R relations

@ White dwarfs — "normal”
neutron star — CFL
hybrid star

@ On the right: solutions of
TOV equation
(non-rotating
configurations)
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M-R relations
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Conclusions

@ Mass measurements of neutron star can provide constraints on
equation of state of cold, dense matter

@ The measurements of the mass of PSR J1614-2230 does not exclude
possibility of deconfined quark matter in neutron stars

@ More precise and more extreme measurements can be very useful

@ Connection can be made between physics of heavy-ion collisions and
physics of neutron stars, double constraining the EoS

@ Future colliders, in particular NICA and FAIR, can probe regions of
phase diagram which is relevant for physics of Super-Nova explosions
and neutron stars
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