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m Introduction to neutron stars

m Astronomical observations of neutron star
related phenomena

® The symmetry energy from laboratory
experiments

m Applications of the symmetry energy to neutron
star phenomenology

m Bonus: massive hybrid stars (Zwins)
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is the difference between symmetric nuclear matter and pure neutron matter
in the parabolic approximation:

E(n,x) = E(n,x =1/2) + E,(n)*a&?(x) + E, (n) *&* (X) + O (¢°(X))

with a=1-2x and E(n,x=1/2) given by the PAL parameterization in this work



*Nuclear masses from
(@) the liquid droplet model
*Neutron skin thickness
*Isospin diffusion
Giant dipole resonances

(b)
*"P-Rex" experiment
_— (Pb radius experiment - C.J. Horowitz)
L L
o
(c)

*Uses parity violating electron scattering to measure the neutron radius in Pb208 at Hall A in Jeferson Lab



Measured values

E.(n,) =30t2MeV

dE,
dn

L =3n, =88+ 25MeV

Ny

E, is highly undetermined both above and below n,
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*Kubis, Alvarez-Castillo 2012

Features:

*Full control of
shapes and analicity
*Only few parameters
*Easy to adjust to
experimental data



PALu & MDI
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E(n,z) =VFPAL(n) + (1 - 22)2E.(n)

EBézier(n) if n < ng

AE(n) = { 0 if n > no. E(n,z) = E(n,z) — AE(n).

*Solid lines represent the corrected nuclear energy per baryon
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Nuclear interaction: E(n,x)=E(n,x=1/2)+E (n)*a’(x),
E, described by a Bézier curve
E(n,x=1/2) taken from PAL
m Beta equilibrium: M — Hy = H, = H,
m 2 phase construction under Gibbs conditions
p'=p" = =14
m TOV equations + Equation of State
dp  (p+p/c’)G(m+4zxrip/c?)

dr r2 (1— 2Gm/ rCZ) with the EoS as input p(p)

dm =4xr’p
dr
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Universal Symmetry Energy
Conjecture



Klaehn et. al.,
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FIG. 7. (Color online) Density dependence of the asymmetry
contribution to the energy per particle (left panel) and of the proton
fraction (right panel) in NSM. Encircled curves correspond to EoSs

that violate the DU-constraint.



Energy per baryon in the parabolic approximation

E(n,x) = E,(n)+06°(X)E, (n)
n=ng+np 60=1-2x r=np/n
Beta equilibrium conditions and charge neutrality

n—pte Hn = Hp T He

1
fe(n,8) = 46Es(n), T = mxuﬁ

13 p1/3

Eg(n,z) = (an) T 9

*Klaehn, Blaschke, Alvarez-Castillo in preparation
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Only electrons (solid blue)

Electrons + Muons (dashed red) For only electrons:

x=1/8
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Cooling phenomenology of NS suggest Durca process should not occur
for NS with typical masses, e.g., 1.3 <M /Mg <1.5.
Two possibilities: 1. Maximum mass before the onset is reached (pink)

2. Bounded symmetry energy (blue)



Process Name Process

Emissivity @,
(erg em™3 s71)

Reterence

Bremsstrahlung n+n—mn-+mn-+ve + U,
nN+p—n-+p-+Ve+1p

ptp—n+p+trve+ie
Modified Urca n+n—n+p+e +,

n+p+e —n+n-+u,

Direct Urca n—p+e +
pt+e —ntu,
Quark Urca d—u+t+e +v,

u+e —d+ e
Kaon Condensate n+ K —n+e 4+,
n+e —n+K 4+,
Pion Condensate n+7n —nt+e +1,
n+e —n+m Tl

~ 10173

~ 102°T§
~ 10%7T§
~ 10%%a,T§
~ 10%T¢

~ 10%°T¢

Page, Geppert
and Weber [92]

Friman

and Maxwell [93]
Lattimer et al. [94]
Iwamoto [95]

Brown et al. [96]

Maxwell et al. [97]

Direct Urca is the fastest cooling process.

Threshold for onset: pg,< pg,. Pg,- For electrons only then xp;=1/9.



m  Therefore, leptonic contribution (x dependent) also bounded.
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Understanding of the universal behavior of 6°E, symmetry energy
contribution to the NS for EoS which obey the DUrca constraint.



Nuclear interactions: Eane< E< &

K.f
162

~

{u . 1)3 atmsnu 80/2

K
E=nNg [mg+B+E(u—1}1+

3
+ (1 = 2x)°[Seu® + S,u”] + ZT:C.I(SJTZHE,I)IH]

Beta equilibrium and leptonic contribution:

de
o = heBringx)' P —4[Su™ + S,u?]1(1-2x) =0,
X

x = %[wm [+1)'3 - (Vd+1-1)AF

mlng fic 3
d =
288 \ [Sxu? + S,u?]

Steiner, A. W., Lattimer, J. M., & Brown, E. F. 2010, Ap], 722, 33
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Criteria to follow (rejection rules):

. the maximum mass is smaller than 1.66 M., which is
20 below the mass of PSR J1903+0327, 1.74 & 0.04 M,
(Champion et al. 2008);

. the EOS becomes acausal below the central density of the
maximum mass star;

. the EOS is anywhere hydrodynamically unstable, i.e., has
a pressure that decreases with increasing density; and

. the maximum mass star has a maximum stable rotation rate
less than 716 Hz, the spin frequency of the fastest known
pulsar, Ter SAD (Hessels et al. 2006). The spin frequency
at which equatorial mass shedding commences is given to
within a few percent by Haensel et al. (2009):

M 1/2 10 km 372
fle.os(M—G) (T) kHz.  (39)
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EoS for Symmetric Nuclear Matter extracted from NS observations (Bayesian
TOV inversion) and Universal Symmetry Energy compared to Flow Constraint
from Heavy Ion Collisions.
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Flow Constraint and NS Constraint to SNM compared to three microscopic EoS.




k-models: Es at low density. According to these models, the mass of
the Vela pulsar should be very low, with much less than 1 Solar
Mass. A need for a better understanding on uniform matter and
cluster formation.

Neutron star cooling can constrain the EoS. Low mass NS should not
cool by direct Urca process therefore some models can be ruled
out.

Different determination of the critical density. Finite size effects derived
from Coulomb interactions lower the values of the thickness of
neutron stars.

Effects of the quartic term in the energy expansion. Neutron star crusts
are the most affected. For the models with thick crust the effect
is so large that cannot be neglected. This is where the parabolic
approximation breaks down.



There exists a Maxcimal Contribution from the Symmetry Energy of Nuclear

Matter to the NS EoS for proton fractions in a not too narrow region around
x=1/8, e.g., between 0.05 and 0.2

This is close to the Direct Urca threshold (1/ 9 for electrons only)

Violating the DUrca threshold consequently results in deviations from the
Unzversal Symmetry Energy (USE)

Applications to Compact Stars: Bayesian analysis from mass radius relation
could result in predictions for the cold symmetric matter beyond the flow
constrant.

From laboratory measurements of symmetric nuclear matter one can predict the

NS EoS wusing the USE



Teaser
MASSIVE HYBRID STARS!

Color-superconducting X
strange quark matter Surface
, : ¢ Hydrogen/Helium plasma
* [ron nuclei

Outer Crust
¢ Atomic nuclei
* Electron gas

Inner Crust

¢ Heavy atomic nuclei

* Relativistic electron gas
¢ Superfiuid neutrons

Outer Core
» Neutrons, superconducting protons
e Electrons, muons

Inner Core
* Neutrons, protons, electrons, muons
* Hyperons (Z, A, E)
TR » Boson (x, K) condensates .
"Radius ~ 10 to 14 km, Mass ~ 1 to 2 M \ * Deconfined (q,d,s) quarks / color- , Alvarez-Castlllo,
o sun superconducting quark matter
' Blaschke

F. Weber (SDSU, 2010) i ¢ z arXiv:1304.7758

.
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Compact Stars

Net baryon density n/ n,

™~ Nn,=0.16 fm™




are possible!

DD2 - Typel, Wolter

Nucl. Phys. A 656, 331 (1999)

Alvarez-Castillo

Blaschke arXiv:1304.7758
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SUMMARY:
- Realistic hadronic EoS DD2

- the scaled energy density jump
(0.67) fulfills the twin
condition of the schematic model
by Alford et al. (2013)
— Find the disconnected star
\ branches !!
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Alford, Han, Prakash, arxiv:1302.4732

First order PT can lead to a stable branch of
hybrid stars with quark matter cores which,
depending on the size of the “latent heat”
(jump in energy density), can even be
disconnected from the hadronic one by an

unstable branch —

“third family of CS”.
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I
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1
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Pressure

Measuring two disconnected populations
of compact stars in the M-R diagram
would be the detection of a first order
phase transition in compact star matter
and thus the indirect proof for the
existence of a critical endpoint (CEP) in
the QCD phase diagram!
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(A) Maxwell construction
(B) mu-dependent vector
coupling:
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Lastowiecki, arxiv:1302.6275 (2012)
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DB, Alvarez Castillo, Benic, Contrera,



m Given the knowledge from lattice QCD that at zero
baryon density the QCD phase transition proceeds
as a crossover, twins would then support the

existence of a CEP in the QCD phase diagram.

m The details of the interrelation between the
compact star FoS and the symmeric matter EoS
have to be worked out, accounting for the
formation of pasta structures in a mixed phase.
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