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Motivations & Objectives

Transport properties define the evolution of neutron-star matter:

@ Viscosity: measures the damping effect on the instability caused
by the emission of gravitational waves by the stars

Why are we interested in neutron stars viscosity?
@ Oscillating modes of rotating stars are driven unstable through
the emission of gravitational waves (CFS instability)

@ Dissipation effects interior to the stars, as viscosity, can damp, or
even suppress, these unstable oscillating modes

@ The knowledge of the viscosity is an essential element to predict
the stability of a rotating star
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Theory and tools for calculation

Nuclear Matter

@ Equilibrium properties: obtained through many body theory
with realistic dynamical models

@ Transport properties: usually obtained with simpler
dynamical models

Our effort has been put in calculating both equilibrium and transport
properties with the same dynamical model:

Landau-AK formalism using the effective potential derived in the
Correlated Basis Function (CBF) theory
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Neutron stars structure

Ezxternal core: homogeneous fluid of neutrons, protons and electrons
stable with respect to 8-decay and electronic capture

inner crust (~ 0.5 Km) outer crust (~ 0.3 Km)
nuclei + n + e~ nuclei + e~

uniform nuclear matter
n+p+e +pu

p=2x10"* g/cm®

p=4x10" g/cm® <—— R~ 10 Km —=
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Landau theory for normal Fermi liquids

@ Interacting systems of fermions at low temperature
@ Normal liquids, non in superfluid phase

@ Include interacting properties in specific coefficients, leaving
unchanged the general description of ideal Fermi gasses

Quasiparticle distribution

1

e = eBlep[npl—p) +1
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Landau theory for normal Fermi liquids

Ingredients:
@ The Boltzmann-Landau transport equation

Onp(r,t) n dr Onp(r,t) n dp Onp(r, 1)
ot dt  Or dt  Op

= I{np(r,t)]
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Ingredients:
@ The Boltzmann-Landau transport equation

Onp(r,t) n dr Onp(r,t)  dp Onp(r,?)
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system, np = ng + 0np, the transport equation reads

Vp - Vidnp = I[énp]
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Landau theory for normal Fermi liquids

Ingredients:
@ The Boltzmann-Landau transport equation

Onp(r,t) n dr Onp(r,t)  dp Onp(r,?)
ot dt  Or dt  Op

= I{np(r,t)]

@ Considering a small deviation from equilibrium of the state of the
system, np = ng + 0np, the transport equation reads

Vp - Vidnp = I[énp]

@ The collisions integral

1
I[nl] = W Z Z 5p1+p27p3+p4501+02703+045(€1 +e—€3— 64)
2 34

X W(12, 34)[7L37L4(1 — Tll)(l — TLQ) — n1n2(1 — 713)(1 — TL4)]
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Landau theory for normal Fermi liquids

Procedure of calculation:

@ Rewrite the transport equation in terms of a regular variable ®

on?
1) P = ——l(I)i
" 861‘
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Landau theory for normal Fermi liquids

Procedure of calculation:
@ Rewrite the transport equation in terms of a regular variable ®

0
i g,

5 P = —
" 861‘

@ Write the shear viscosity tensor in terms of a current of the

system
y
-2 A F
ou d*p N
r_ T v o -
T =1 =~ 2 [ e ohtng |G e
7 v=0
X

able nuclear matter 8 /16
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Theory and tools for calculation

Landau theory for normal Fermi liquids

Procedure of calculation:
@ Rewrite the transport equation in terms of a regular variable ®

0
i g,

5 P = —
" 861‘

@ Write the shear viscosity tensor in terms of a current of the

system
y
-2 A F
ou d*p N
r_ T v o -
T =1 =~ 2 [ e ohtng |G e
7 v=0
X
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@ Solve the transport equation
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Landau theory for normal Fermi liquids

Abrikosov-Khalatnikov solution (1959):

2

) T *,72
NAK = 5/)771, L}ﬂ'iﬂe(l _)\,])

_ t dQ W (6, (W (0,¢)[1—3sin(0/2)sin? $
T= W’ (W) = f 27 co%((9/2))’ Ap = .o (W(97¢()>/ : u
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Landau theory for normal Fermi liquids

Abrikosov-Khalatnikov solution (1959):

NAK = 5/)771, UFTm
= _ 8n! — [ dQ W(0,4) _ (W(6,8)[1-3sin"(6/2)sin®¢])
T = s wyTe (W) = 27 cos(0/2)° A = W(0,8))

Brooker-Sykes solution (1968):

9 2

1 .
n=—pIi v YN C )\
= gpmVpT 30— ) (Ay)

1-X 0o k
C(Ay) = T Zk:O (k+1)(2k+1)ﬁkﬁ)(zkﬂ)—xn]
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Landau theory for normal Fermi liquids

Abrikosov-Khalatnikov solution (1959):

, _ L s 2 2
NAK = =pm LFTﬂ_Q(l -

_ ot o dQ W(8,¢ (W (0,¢)[1—3sin(0/2)sin? $
7= g (W) = [ Saar, Ay = et
Brooker-Sykes solution (1968):

1. 2
n= gpm U%Tmc()\n)
U

1-X 0o k
C(Ay) = T Zk:O (k+1)(2k+1)ﬁkﬁ)(zkﬂ)—xn]

Comparison between solutions:

0.75 < —— < 0.92

NAK
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Landau theory for normal Fermi liquids

External core of neutron stars as a multicomponent Fermi liquid:

@ Three components Boltzmann-Landau transport equation

Ong | Ong Oepa  Ong Oepa

ot + Oor Op op Or
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Neutron stars structure
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al, effective mass, proton fraction

External core of neutron stars as a multicomponent Fermi liquid:

@ Three components Boltzmann-Landau transport equation

Ong | Ong Oepa  Ong Oepa

o Tor op  op or e
@ Three components shear viscosity
= 1n+1p + Ne
o = 5PamzaTo =z =5 Clhno)
gt S < Was(6, 8)ig, >

Ta = * v Aaa =
Yo mi(mi < Waglag >)T? 25 < Wap(8, 9)las >
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The effective potential

@ Two body cluster contribution in the CBF theory:

.. 1 .
'Ueff(z]) = fl] _Ev2 + 'U(ZJ fl] Z Ueff Tl] 1]
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The effective potential

@ Two body cluster contribution in the CBF theory:
. 1o
Vet (i) = fij _Ev + v(ij) fl] Z Vo ( Tz] U

@ Three-nucleon contributions are taken into account considering
the approach proposed by Lagaris-Pandharipande

v(ig) = 0(ig) = Wi(rij) + v7 (rij)e” " + v (ri)|OF;

one & Omar Be r Transport properties of 3 -stable nuclear matter1ll /16



Theory and tools for calculation

The effective potential

@ Two body cluster contribution in the CBF theory:
'Ueff(ij):fij <——V2+v 7«7 >fl] Zveff Tl] 1]

@ Three-nucleon contributions are taken into account considering
the approach proposed by Lagaris-Pandharipande

v(ig) = 0(ig) = Wi(rij) + v7 (rij)e” " + v (ri)|OF;

@ Calculate the scattering cross section and obtain the scattering
probability to evaluate the mean lifetime of the quasiparticle state

W =W(0,¢) = (%)2 (Z?z) [Eem = [(0),0cm = ¢]
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The effective neutron mass

@ Calculate the single particle energy using the effective potential

2m

2
x(p) = 4=+ 533w [ utn(r) [43, ~ Bio(or) (o)
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The effective neutron mass

@ Calculate the single particle energy using the effective potential

" 2m

2
x(p) = 4=+ 533w [ utn(r) [43, ~ Bio(or) (o)

1.0 T T — ]

o ]

R Y 7]

I op ]

. . r O i
@ Obtain the effective neutron mass E Lk % E

S o

B [ 3 i

1 1de [ o0 o]

m* pdp 07 B

0.8 T
0.0 0.2 0.4 0.6

p [fm™]
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Proton fraction

Solve the coupled equations which define the equilibrium of the
system:

o (-stability: pn, = pp + fe
@ charge neutrality: p, = z,p = pe

0.08
0.08 — —
W 0.04 — —
0.02 — —
P R R NP R
0 0.1 0.2 0.3 0.4

-3

p [fm™]
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Results I: Results II: double proton fraction
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@ solid line=g-stable matter; dashed=n; dot-dashed=e; dotted=p;
diamonds=PNM; cross=Argonne v8’
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Conclusions & Outlooks

@ We calculated the viscosity of the external core of a neutron star,
using a realistic model of nuclear matter and of the dynamic to
its interior

@ The percentage of electrons play a fundamental role in
determining the weight of the viscosity of each particle family

@ This work can be improved including the presence of muons and
successively hyperons (if that’s what really neutron stars are
made of!)

@ Calculate consistently the shear viscosity of the superfluid /
superconducting phase
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