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Astrofisica Nuclear: Estrellas de Neutrones

A NEUTRON STAR: SURFACE and INTERIOR
. ‘Swis : i

CORE:

Homogeneous
Matter

ENVELOPE

CRUST
OUTER CORE
INNER CORE

- Polar cap
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PN
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Neutron Superfluid + A}J A

sy Neutron Vortex  Proton Superconductor |

Neutron Vorte:\ il /

(circa 2010)

L M~1AM, > 2 M,
. R~ 10 km

p ~ 10° g/cm® — 8 x 10'* g/cm?®

. x~0550.2(?)

T~ 1 MeV (101 K)

Laboratorio para NEOS:
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Algunas preguntas a responder

Que es nuclear Pasta?

Cual es el efecto de las condiciones periddicas de
contorno en la formacion de pastas?

Rol de coulomb?

Rol del apantallamiento de Debye?

Transiciones de fase En las pastas?

Opacidad de Neutrinos y la topologia de la corteza.

Nucleosintesis (Elementos mas pesados que Hierro)?



Esta Presentacion:
Neutron Star

El modelo CMD

(Tllinois potential) Sistemas Finitos

Reconocimineto de fragmentos
Comportamiento critico
Energia se simetria

Isoscaling

Intermezzo

Topologia
Coulomb Sistemas 2D y 3D
- Lennard Jones + Coulomb

Illinois potential

Materia Nuclear
Materia NS




El modelo nuclear CMD

Y
los nucleos finitos




Modelo CMD
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Modelo CMD

(MeW)
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TABLE 11. Energies of nuclen IMeV nucleon| for the M amd
53$MEU & maodels compared 1o experimental binding energies,
| A z e E, E..
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- 1& E — 139 — .45 —7.593
L 40 piA| — likas — .60 —0.33
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Accuracy of the Vlasov-Nordheim approximation in the classical limit
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Modelo CMD

Resolver las ecuaciones de movimiento
(symplectic)
Reconocer Clusters
(MST, MSTE, ECRA)
Comportamiento Critico
Curvas Caléricas
Calor especifico negativo
Tsoscaling
,efc

& B
|

Temperature (MeV)

Excitation (MeV)

1500 MaV
NieME &
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Modelo CMD




Reconocimiento de Fragmentos

MST _algorithm

Given a set of particlesi,jk,.., clusters are defined such

that :
e Cedje CUE—F)<T1,,,
With r .. the clusterization radius
With periodic boundary conditions
MSTE algorithm

In this case clusters are defined in the following way:

ie C o Jje C/(Z—v,)<0

With u the reduced mass and Pij the relative momentum



Reconocimiento de Fragmentos

Early Cluster Formation Model

Given a set of particles (i,j k..) clusters are defined as those
partitions C; that minimize the following expression:

E:; Zp‘i; + > ()

i e c.m.C; <j£G

This is a highly self consistent problem that has been solved by devising a
method in the spirit of simulated annealing (ECRA).
For such a problem a Markov chain in the space of partitions is

constructed

C.O Dorso & J Randmup Phys Lett. B 301 (1993) 328



Modelo CMD
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De los nucleos
a las

Neutron Stars




Nuestro trabajo : usar dindmica
molecular con CMD para estudiar
Estrellas de Neutrones

Resolver las ecuaciones dindmicas como antes
Pero ......

Usar condiciones periddicas de contorno

Para Coulomb usamos Aprox. Thomas Fermi

0
Debye

2
e

Ve(r)=

r
. A

exp(—r/A)

€

TF
Vc' (I" ) =
e
(sistema neutro) he = 792/ [2e(3n 0, 1Y)




5000 Particulas en celda elemental, T si going down.....

0.1MeV<T<3MeV
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Pasta |

p=0.010=0.059p,




Topology (why?)

m., ] i 7 Euler
: X=03,p=01 1

. Po T=0.4 MeV P

s

5 . " ...l | it |

it - WRER °
L : . .l ! = | II| II',
A e | |\

| v \“‘“m.,__ _ 1
1"_.._|I_.___ Ll _ _:_:._. el s
fragmentos y . .

distribucién de masas funcion d;iepgg;;elacuon .::'n Lo | -2

Funcionales de
Minkowski

Results: Nuclear Pastal ot




Fragment Size Distribution (MST)

1000 . T ll T T
(e)T=0.8 MeV

X=0.3 100 (a)T=0.1 MeV
10 + .

p=0.1p, T et

0.1 |

0.01

Population
—_
o
L
o
-_

0.01

1 10 100 1
Fragment Size

FIG. 2. Temperature evolution of the fragment size distribution
obtained from 200 configurations with x = 0.3 and p = g/ 10.



Caracteristica de Euler
Tomar una hoja de papel

Dibujar puntos. Conectar punto con lineas de modo que : las lineas
no pueden cortarse, todo punto queda conectado a todo otro punto

Cuente el numero d puntos (D), cuente las regiones determinadas por las 2
Lineas ( R) cuente las lineas (L);
D=9, L=12,R=5 1
X=D-L+R=2.... siempre
Vertices'Edges'Faces'Euler characteristic:
Name Image

v E F V-E+F

4 6 4 2

In 3D Convex Polyhedra Tetrahsdon
The Euler characteristic Y = V-_FE+F=2

. Hexahedron or cube
Y numbers of vertices (corners)

E numbers of edges

I numhbers of faces Octahedron 12 8 2
Dodecahedron 20 30 12 2
lcosahedron 12 30 20 2

26 0@»



\Vertices Edges Faces Euler characteristic:|

Name Image v | e | £ | V_Es+F
Tetrahemihexahedron 2] 12 7 1
In 3D non-convex polyhedra %
' can have any value, and thus can
Octahemioctahedron | § 12 24 12 0 bE USEd t'D Cha I’ElCtEI’IZE the Sha pe
Cubohemioctahedron 12 24 10 -2
Great icosahedron 12 30 20 2

Lo aplicamos a "Pastas”
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The role of coulomb

We analyze the behavior of a system driven by:

V (rij ’Ki ’Kj ):VPandha (rij ’Ki ’Kj )+0’ [VCouI (rij ’Ki ’Kj)

with



1

Euler

The role of coulomb

a=1 (circles)

DD T T T T T T 1000 i T T T T T T T
e A 800 | \. H b
80 | A) x=0.5 B
600 l‘\\ B) x=0.2 b
60 | _ 400 / ®G _
L /._
o T Fe
20 c . r | .
He e ) 400 | -
W=
0 ——
600 i
B //” ®E
20 1 1 h 1 1 1 1 800 | | 1 1 1 | 1
22000 1500 1000 500 0 500 1000 1500 2500 6000 4000 -2000 0 2000 4000 6000 8000 10000 12000
Curvature Curvature

a=0 (squares)

TABLE II: Classification Curvature - Euler

'H
(fm™)
0.072
0.072
0.015
0.015
0.015
0.015
0.072
0.072

T

(MelV)
1.0
0.1
.1
1.0
1.0
0.1
1.0
0.1

=1
Curvature Euler
1740 89
-J82 -15.8
177 8.0
F12 1.7
a0 -612
10204 454
-29649 447
-4485 TR

=1
Curvature Euler
-24 4.7
29.4 -1.9
ald 3.5
273 5.6
11011 =243
11436 159
-4512 G2
-h914 933

FIG. 7: Average values of the Curvature and Euler num-
bers of the structures listed in Table II; circles correspond
to structures with Coulomb and squares to structures with-
out Coulomb, arrows indicate the average displacement of the

structures as a goes from 1 to 0.

This suggests that there is pasta
even without Coulomb!



Intermezzo : what is the role of Coulomb?

Illinois potential is rather complicated because :

Vo ((FV,[ X par) ¥ = exfpar) k] -V, [extt-por) ir —expl-pr. )/ r.]

Vnn ( ):Vo[exfﬁ_:uor) /r _eXF(_IuOrc)/rc]

V,, I FV, [ exp-,r) k- exd— u,r.) /rc]+6X[{—%] [éij -

r

Lennard Jones + Coulomb
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The role of coulomb

N=800
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Trivial infinite cluster T et
~ lambda<4 -

. . " "
2 dimensions “no coulomb |  [anbdac?

R I - - lambdg<l oo
. o el 8

P ' lambda=1.11
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0S|+ ey = > lambda=066 - -~ _
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no bump, still get ‘pasta’



In 3 dimensions, no coulomb

-
N=5000

Temperatura
. muy baja )

1 structure per
cell



Finite size, periodic boundary conditions
and the appearance of "Pasta” without Coulomb




Finite size, periodic boundary conditions
and the appearance of "Pasta” without Coulomb

The system is finite but not too small, particles interact by a short range
potential

Given a configuration
we can write:

E=E,tEyu

A=E-TS

4[]

Saophere = 4T (-Ii—) % u¥ x L~
q =2 [:r}% x u¥ x L2

- 7.
Saap =2 x L

- Surfaces




1 cylinder 1 slab

1 spher
:H}':I |Ii I I 1 1 I I I I
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FIG. 12. Surface area of various simple shapes as a function of
volume fraction for a cell of L = 30. The shapes are: Sphere
(full squares)., Cilindrical rod (full circles), slab (full trian-
gles), cilindrical bubble (empty circles) and spherical bubble
(empty squares)



En ausencia de Coulomb y debajo de una cierta
T . aparecen pseudo pastas , Una por celda, La
Celda fija la escala

Las CPC siempre presentesl!|




Nuclear Matter CMD




Back to CMD
Vap(r) = Vi [exp(—p,r) /T — exp(—prere) [7e]
— Vo [exp(—ptar) /v — exp(—pare) /1]

Illinois Potential Medium ) :
Vun(r) = Vo lexp(—por) /1 — exp(—por.) /T.] ,

Nuclear Matter

'3 T IIIIII T T T T

-0 'i.

-1
T 42t B1=SCB
2 | B2=BceB
E 1 B3:Di0m.B : ‘.‘ 4';.4I':"..’. J
g e e el
w Me o oemp :

-If E-G..---@ % ______ ... :

16 |

Pasta Phase
AT 1 1 1
1] 0.04 0.0g 012

Density (fm ™)

FIG. 1. Binding energies per nucleon for systems obtained
with the Pandharipande medium potential for crystalline lat-

tices with B1, B2 and B3 crystal geometries, and using molec- FIG. 2. (Color online) Structures corresponding to the labeled
ular dynamics at T' = 0.001 MeV (CMD). The structures points of Figure 1. Point A corresponds to a formation in the
‘:Drr%pnllding to the fﬂ:u.r lahclc.\d ]}l]iIltE {“A"‘ thrnugh ';"'D'“::' regu]a.r {Bl} ].FLtt-iCE", while the rest of the PﬂliﬂtE are non-

are shown in Fig‘ure o homogeneous structures.



Mev)

original

This rvor'k

-10 L] Uniform Phase -

Energy

Pasta Phasze

A7 1 1 1 1 1 1
0 004 n.og D12 D16 020 024

Density (fm™)

FIG. 1. Binding energies per nucleon for systems obtained
with the Pandharipande medium potential for erystalline lat-
tices with B1. B2 and B3 crystal geometries, and using molec-
ular dynamics at T' = 0.001 MelV" (CM D). The structures
corresponding to the four labeled points (*A” through “D”)
are shown in Figure 2.



Illinois Potential Medium

Nuclear Matter

Density (fm™)

FIG. 3. Biuding energies per nucleon for systems obtained FIC. 4. (Color online | Structures corresponding to the labeled

with the Pandharipande medinm potential at the listed tem- points of Figure 3 obtained with the Pandharipande medium
potential at T = 1.0 MeV.
peratures.



Low T structures
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[Illinois potential + screened Coulomb ]
NS Matter?

Ahora exploramos:
El efecto de variar A
El efecto de variar T

Clusters como funcion de T




As before we fix the density and then we vary A in order to see at which

P=0.04 \
T=0.001

point the solution goes to a single structure per cell

2N




If we Vary The lambda20
Temperature.... T
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5
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i 08 1.0
Temperatura

4k
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We now calculate de Lindemann coefficient

lambda20

Lindemann

0.0 1 I 1 | 1 I 1
%.D 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Temperatura

1 Ar?
n=3 2
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Clusters in 3D with T
T=45 MeV

MSTE(rc=5.4)




Cuando se "enciende” Coulomb y si A > Ac aparecen
Las verdaderas pastas
Multiples estructuras en una celda
El potencial fija la escala

" w

Transiciones de Fase “"dentro de las pastas” "solido - liquido”

Clusters in Energy Space




Opacidad

Y

enfriamiento NS




Neutrino production in Neutron Stars

URCA process

n- p+e+v,

p+e - n+y,

Correlacion radial

A, =15fm

Structure Factor /

¥

Slg) =1 —I—,r:rf dre "97g(r)
Vv




La funcién de correlaciéon radial y la Temperatura

|

— Abowve Transition
----- Below Transition ||
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Morfologia de la "pasta” y la Temperatura

(¢) =05, T =0.5MeV (d) + =0.5,T = 1.0MeV

Figure 1: (Color online) Snapshots of a system with density p = 0.04 fm™ for different values of proton fraction and
temperature, generated with VMD [32]. Structures obtained at T' = 0.5 MeV differ substantially. Nevertheless both
show inhomogeneities.



Maximo Fragmento, X y la Temperatura (MSTE) ]

celda de = 5500 particulas

5500

5000} W
v
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© 4000l
L —eo x =205
9 — x=04

3500 m—m x = 0.3

—® x=0.2
3000206 08 10 12 14 16 18 2.0

Temperature [MeV]

Figure 3: (Color online) Mass of the largest cluster for
p=0.04fm™? for different values of z.



[ La funcion de correlacion radial ]
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Structure factor

[ el factor de estructura ]
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Neutron Star Mergers
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Conclusiones :

-Sistemas con fuerzas competitivas sobrellevan una transicién a Pastas a
Temperaturas bajas
-Sistemas con interacciones del tipo hc + atraccion de corto rango
desarrollan pseudo pastas (1 por celda)
*Estos sistemas son apropiadamente descriptos via

Minkowski functionals

g'(r) - S(q)

Distribuciones de masa

‘Para términos de Coulomb+debye screening debajo de A_pasa a 1 por
celdas

A baja temperatura las pastas son cristalinas

*Al subir la temperatura las pastas pierden su orden interno

A temperaturas mayores aparecen pastas no tradicionales

En todos los casos neutrino opacity, que disminuye con la temperatura
-Ambiente propicio para r-process?
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