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NEUTRON STARS

Collapsed core of massive stars.

« They result from the supernova explosion of a massive star, combined with gravitational
collapse, that compresses the core past the white dwarf star density to that of atomic
nuclei.

Smallest and densest stars known to exist.
Mass: M>14M_,

Radius: ;~7—-10km

Density: p~10"+10"g/cm’




SIZE AND NUMBER OF BARYONS IN A

STAR

Limit of gravitational collapse: R=2M

Gravity packs nucleons up to their repulsive cores:

ry~0.5Xx10""cm

R~rg A" M~A-m
m~939 MeV = 1.7x10 g = 1.2Xx10 ¥ cm

2M =r, A" —c=k,=1

2Am=r,-A"’ c=2. 9979><10100m/s

A =2.99-10” G = 6.672x10 *cm’g ‘s’

R =7.2km k =1.3807x10 Cerg/K,lerg =10"J

M = 25 = 3.6km = 2.438 M



HYDROSTATIC EQUILLIBRIUM

Newtonian Formulation

m is the mass interior to r, then conservation of

mass implies that:  dm = 4=r’pdr Y A
dm 2

—=A4nur

dr P

p(r+dr) = F(r+dr)/A

dr

Consider small cylindrical element between
radius r and radius r + dr in the star.

T mM
Gravity(inward): F,=-G >

P(r+dr)

R M r+dr

Pressure (net force due to difference in pressure between
upper and lower faces): F, = P(r)dS — P(r+dr)dS = r

= P(r)dS — [P(r)+ didr]ds =

dr
__dpP
= _dr drdS




HYDROSTATIC EQUILLIBRIUM

mM _dP

dm F = F,+ F,=—G=5 — o= drdS
If the star is static : =1 =0
_gMpdrds _dp 0
r dr
Equation of hydrostatic equilibrium: ;B:—GMZp
r r

€ = p ¢’,e = energy density

dP Me
— =—-G
dr 2 C2




Equation of State

Etot(“’xi):Eb(n’xp)+Elep<n’Xe’Xu) n:np+nn
Eb(n,xp)ZEO(n)+S(n,xp) . _m
Elep(n,xe,xu) = Ee(n,xe> + Eu(n,xu) i n Strange Quark Star Neutron Star . . =

* Hydrogen/Helium plasma
® [ron nuclei

Quter Crust
® |ons
® Electron gas

« For describing the baryonic part we Surface

* Degenerate
- electron layer,
need to consider the assymetry term: inner Crust
* Heavy ions

M — 1y | & Siper oo
— — _ 2 .
a=—"—7"=1-2x,  S(n,x,)=(1-2x,] E, |

nn n p | Outer Core

* Neutrons, protons
/® Electrons, muons

Inner Core
e Neutrons
e Superconducting protons

« For describing lepton’s contribution:

1 4 2 4 1 cc'Erleectrcms . Ef:;z:ss! (nguini)
Pr,i | 2 Z Z . . 4,45 quark . Do e
El(n, Xl) = — - > [ 1+ Zl (]. + —) — —— dI'CSsin (—)] ;Jcolgr(-];jprefconducﬁng) . Bgsl?:: Ei,)K)condensates
n 4 T 2 2 YA * Deconfined (L{,d,s) quarks/color-
| superconducting quark matter
4
1 Pr 3 2 \1/3_ 4/3 _
El(nixl)|m,:0:E 4 > :Z(Bn n) X Zl_ml/pF,l
]
Total : 2 OF
« 10Tal pressure.: P(n)= n ( tot)

« Beta equilibrium: w, —u,=u, =u,
« Charge neutrality: x, =x,+ X,




Tolman-Oppenheimer-Volkoff equation

+ E.o.S.

= & % TG
s m"‘" e

(0 + p/c®)G(m+4nr’plc?)
r‘(1—2Gm/rc?)

« Initial condition: P(pc)

I
=

« Boundary conditions:

p(r=R)=0
M(r=0)=0



Tolman-Oppenheimer-Volkoff equation

+ E.0.S. - Mass-Radius Diagram
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Phase Transitions

« Limit conditions:

3

pl = p'. MIZMH, MI:MII

Net baryon density n/ n,
™~ n=0.16 fm

Compact Stars




Phase Transitions

' I ! !
PSR J0348+0432 (Antoniadis et al )
M=201+-0.04M__
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Internal Profiles
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CONCLUSIONS

« Phase transitions are evidence of the existence
of different layers in the structure of neutron
stars

« We used nuclear models to describe astronomic
bodies and it is in concordance with
observations

- In order to have a perfect model for describing
neutron stars we need more experimental
measurements and astrophysical observations




] --(,',_-"' _ :
iR
loreR—_ -

« Mass and radius determinations
with unprecedented
precision.

 NICER’s results will discriminate
between dozens of proposed
“equation of state”
theoretical models
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