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Summary

Neutron star & the pasta phase

Effective relativistic mean field models

Density and geometry fluctuations
Phys.Rev.C 104 (2021) 2, L022801

Transport properties: relaxation time and electric conductivity
MNRAS, accepted

Short-range correlations: effects in the pasta
arXiv: 2211.14002
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Neutron stars

Source: Gill, K., Scientific American (2019)

Hubble telescope https://www.astro.umd.edu/∼miller/nstar.html
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The inner crust

Source: Newton, W.G., Nature Phys. 9, p. 396–397 (2013)

Thermo−magnetic evolution
Shear modes, Spin down & GWs
Neutrino opacity in PNS

〉
Sensitive to





Anisotropies
Impurities
Lattice
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Role of impurities



Role of impurities

Fixed impurity parameter of the or-
der Qimp ∼ 1− 50.

Qimp =
∑

j

(Zj − ⟨Z ⟩)2

Source: Left: Horowitz et al., Phys. Rev. C 70, 065806 (2004); Right: Schneider et al., Phys. Rev. C 93, 065806 (2016)



One–component plasma
The deformations are due to frustration: competition between the
attractive nuclear interaction and the repulsive Coulomb force
(pp + pe + ee)

ES = Sσ(Yp,T ) EC =
1

2

∫

WScell
d3r⃗ ρch(⃗r)ϕ(⃗r)

RWS

R3

RWS

L2

R2

2RWS

L1

L1

2R1

Source: Pelicer, 2023.

µI
p = µII

p , µI
n = µII

n , P I = P II





FWS = f F I
b + (1− f )F II

b + βFsc,d + Fe

ρp = f ρIp + (1− f )ρIIp
ρn = f ρIn + (1− f )ρIIn
ρp = ρe

{ρIp, ρIn, ρIIp , ρIIn ,Rd , f }

Fsc,d =
ES,d + Ec,d

VWS
=

dσ(Yp,T )

Rd
+ 2πe2R2

d

(
ρIp − ρIIp

)2
Φd(β).
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Effective RMF models
L = LN + Lσ + Lω + Lρ + Lωρ.

E

A
=

Eb
ρB

= E0 +
1

2
K

(
ρB − ρ0
3ρ0

)2

+ (1− 2Yp)
2 S (ρB) ,
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B/A (MeV) J (MeV) L (MeV) K (MeV) M∗
N ρsat (fm−3)

15.8 - 16.5 28.6 - 34.4 30.6 -86.8 220 - 260 0.6 - 0.8 0.15 - 0.16
Based on Oertel, M. et al., Rev. Mod. Phys., v. 89, (2017)
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Effective RMF models: parametrization
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Params. IUFSU
ms (MeV) 491.5
mv (MeV) 782.5
mb (MeV) 763.0

gs 9.971
gv 13.032
gb 13.590
κ 3.5695
λ 2.926
ξ 0.03
Λ 0.046

ρsat (fm−3) 0.155

B/A (MeV) J (MeV) L (MeV) K (MeV) M∗
N ρsat (fm−3) Mmax

-16.40 31.3 47.2 231.2 0.6 0.155 1.97M⊙

Fattoyev, F. J., et al. Phys. Rev. C 82, 055803 (2010)
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One-component plasma: the pasta
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Small energy gap between pasta geometries
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Multi–component approach

Can we calculate the pasta impurity parameter with a RMF?

Gulminelli & Raduta, Phys. Rev. C 92, 055803 (2015)

Z = zVg zVe Zcl ⇒ Zcl =
∑

{n}

exp


−βV

∑

N,d

nN,d Ω̃N,d




Ω̃N,d = V N
[
FN

b −Fb,g + FN
sc,d − µn

(
ρNn − ρng

)
− µp

(
ρNp − ρpg

)]
+ δFN

V N
1 = 2RN
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(
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(
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MCP: Rearrangement term
Rearrangement: ρp = ρe = ρp WS = f N(ρNp − ρpg ) + ρpg

δFN = ZN

〈
f M

ρMp − ρpg

∂FM
sc,d

∂f M

〉
≈

[
f

ρIp − ρpg

∂Fsc,d

∂f

]

OCP

pN,d =
exp

(
−βΩ̃N,d

)

∑

N,d

exp
(
−βΩ̃N,d

) ,
∣∣∣∣∣

∣∣∣∣∣ Pd =
∑

N

pN,d
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MCP: Results
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MCP: Impurity

Qimp = (∆Z )2 =
∑

N,d
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)2
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Conductivity: Relaxation time approximation

Main contribution to conductivity in the crust: Electron–ion scattering
Charge current

Je = −e
∑

s

∫
d3p

(2π)3
v f (r,p) = σ̂E∗

Electron distribution function

f (r,p) = f 0(r,p) + δf (p),

Linearized Boltzmann equation
(
− ∂f0
∂ϵp

)
v ·

[
∂µ

∂x
+ eE+

ϵp − µ

T

∂T

∂x

]
− e(v × B)

∂δf

∂p
= I [f ],

Collision integral for elastic collisions

I [f ] = 2π

∫
d3p ′

(2π)3
δ(ϵp − ϵp′)Wpp′ [δf (p′)− δf (p)] ,
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Conductivity: e-i scattering

Wpp′ =
e2

8ϵ2F

∑

s,s′

∣∣∣∣ūp′s′γ
0ups

∫
d3xA0(x)e

−i(p−p′)·x
∣∣∣∣
2

=

(
1− q2

4 ϵ2F

) ∣∣∣∣
4πZe Fd(q)

q2ε(q)

∣∣∣∣
2

S(q),

q = p− p′ & q2 = 2p2F (1− p̂ · p̂′)

Form factor (F (q) ): ion finite size

Structure factor (S(q) ): particle
correlations

Solid: Phonons

Liquid: Thermal ion-density
fluctuations

Source:Nuclear Science Group, Tohoku University (2017)
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Isotropic transport

Wpp′ =
∑

l

wlPl

(
p̂ · p̂′

)

δf (p) =
∑

l>0m

δflm (ϵp)Y
m
l (Ωp).

I [f ] = −
∑

δflm(ϵp)νl(ϵp)Y
m
l (Ωp),

Source: Chamel, 2008.

Conductivity: l = 1: I [f ] = −ν1 δf

σ =
nee

2

m∗
eν1

, ν1 =
4πnie

4Z 2

vFp2F

∫ 2pF

0

dq

q

(
1− q2

4ϵ2F

)
F 2(q)

ε2(q)
S(q) ,

Assumption of isotropy
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Conductivity in the pasta: An intuitive proposal

I [f ] = −ν1 δf =⇒ −υzΦzνa − υp ·Φpνp,

Provided expressions for the
conductivity w/ magnetic field;

νa/νp treated as a free parameter;

σ̂0 =
e2ne
m∗

e



ν−1
p 0 0
0 ν−1

p 0
0 0 ν−1

a




y

z

x

~q
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y
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~q~q

θq

φq

~B

θb
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Anisotropic transport

Wp p′ (Ωp,Ωp′ , ϵp) =
∑

lm l′m′

Wlm l′m′(ϵp)Y
m
l (Ωp)Y

m′

l′ (Ωp′).

I [f ] = −
∑

lm,l′m′

δflm (ϵp) [ν (ϵp)]
l′m′

lm Ym′

l′ (Ωp)

l = l ′ = 1: ν̂ =



νxx νxy νxz
νyx νyy νyz
νzx νzy νzz


 =



νp 0 0
0 νp 0
0 0 νa




νa (ϵF ) =
12πnie

4Z 2

vFp2F

∫ 2pF

0

dq

q

(
1− q2

4ϵ2F

)∫
dΩq

4π

∣∣∣∣
Fd(q)

ε2(q)

∣∣∣∣
2

S(q) cos2 θq

νp (ϵF ) =
12πnie

4Z 2

vFp2F

∫ 2pF

0

dq

q

(
1− q2

4ϵ2F

)∫
dΩq

4π

∣∣∣∣
Fd(q)

ε2(q)

∣∣∣∣
2

S(q)
1

2
sin2 θq
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Conductivity in the pasta

Uncorrelated scatterings:
S(q) → 1

Effective size: Ld ≈
√
2L1WS
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=
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Conductivity in the pasta

0.4

0.7

1

1.3

1.6

0.04 0.06 0.08

νp/νa

ρB(fm−3)

18

19

20

21

22

23

0.04 0.06 0.08

lo
g
1
0

(〈
σ
0
(s

−
1
)〉)

ρB(fm−3)

1 MeV
3 MeV

droplets
rods
slabs
tubes
bubbles

-4

-2

0

2

14 16 18 20

-5 -3 -1 1

||

⊥H

14 16 18 20

-5 -3 -1 1

||

⊥
H

lo
g
1
0
⟨σ

i⟩
/
⟨σ

0
⟩

log10B(G)

log10 xp

Rod: ρB = 0.06 fm−3

log10B(G)

log10 xa

Slabs: ρB = 0.08 fm−3

Mateus Reinke Pelicer (UFSC) Nuclear pasta in neutron stars February 28, 2023 21 / 25



Short-range correlations

Source: B. J. Cai and B. A. Li, Phys. Rev. C 92, 011601(R)
(2015)

fn,p(k) =


∆n,p , 0 < k < kF n,p

Cn,p k4
F n,p

k4
, kF n,p < k < ϕn,pkF n,p ,

IUFSU-SRC
ms (MeV) 491.5
mv (MeV) 782.5
mb (MeV) 763.0

gs 10.132
gv 11.867
gb 15.551
κ 5.9113
λ -179.28
ξ 0.03
Λ 0.0055

ρsat (fm−3) 0.155
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SRCs & pasta
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SRCs⇒ no pasta in the RMF;

The same results were obtained with the NL3 and FSU2r
parametrizations;
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Summary & Perspectives
Inner crust of NS contains pasta→ anisotropy & impurity affect
cooling curve, spin period, neutrino opacity, radial oscillation and
GW emission.

Pasta impurity with the RMF is very high, in accord to suggestions in
the literature.

Analytical expressions for the axial and perpendicular collision rates
of the electron–pasta contribution to conductivity were obtianed

How does the impurity affect transport in the pasta?

Structure factor of the pasta?

Better Z estimation

Viscosity calculation?

SRCs in the RMF make the pasta disappear at low Yp .
Changes in the surface tension?

Change in SRCs when considering asymmetric matter?



Thank you for watching!
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