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Presentation plan

Open question: How to perform transition from qunatum
to macroscopic regime preserving “the physics"?

Il ntroduction
m Star internal structure
m Description on different lenght scales

Towards mesoscopic model
= Methods
= Reduction of DoFs
m Vortex Filament Model

Neutron Star crust modelling
m Vortex self-interaction
m Phenomenological dissipation
m Applications

Future work objectives
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Presentation plan

Correction to M. Antonelli: Transition from superfluid coherence lenght
to intervortex distance scale.

Il Introduction
m Star internal structure
m Description on different lenght scales

Towards mesoscopic model
= Methods
= Reduction of DoFs
m Vortex Filament Model

Neutron Star crust modelling
m Vortex self-interaction
= Phenomenological dissipation
m Applications

Future work objectives
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Introduction

Star structure Constraints on models
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Star internal structure

Macroscopic - hydrodynamics Microscopic - qunatum
Density (kg/m® Radius (km) avg. nuclear spacing —
tens of fm
109 : ] s,
4.3 x l()l 10.3.~ g v

2x1017

Inner Core

1.3 x 1018

Source: http: tars/

M. Okamoto et al.

Star structure Constraints on models

Phys. Rev. C 88.025801 (2013)
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Star internal structure

Macroscopic - hydrodynamics Microscopic - qunatum
Density (kg/m® Radius (km) avg. nuclear spacing —
f
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Star structure Constraints on models

Phys. Rev. C 88.025801 (2013)
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Description on different lenght scales

Microscopic Mesoscopic Macroscopic
[0 Quantum many-body [0 Relativistic
. [0 Semi-classical model .
description hydrodynamics?

[0 Distinguishable

vortices and nuclei .
and protons vorticity

[0 Dynamics of neutrons [0 Continous

Method: TDDFT Method: Vortex Filament Model Method: Hydrodynamics
DoF: neutrons and protons. DoF: impurities and vortices DoF: fluid elements

Scale: ~10"°m Scale: ~10°m Scale: ~size of star ;
|

Star structure Constraints on models



Introduction  Towards mesoscopic model Neutron Star crust modelling Future work objectives

Description on different lenght scales

Microscopic Mesoscopic Macroscopic
[0 Quantum many-body [0 Relativistic
. [0 Semi-classical model .
description hydrodynamics?

[0 Distinguishable

vortices and nuclei .
and protons vorticity

[0 Dynamics of neutrons [0 Continous

Method: TDDFT Method: Vortex Filament Model Method: Hydrodynamics
DoF: neutrons and protons. DoF: impurities and vortices DoF: fluid elements

Scale: ~10%m Scale: ~10°m Scale: ~size of star ;
|

Collective effort required!

Star structure Constraints on models
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Our aim

Parameters estimation

E— o

Simulations

Simulations

Same dynamics?

Star structure Constraints on models
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Plan of presentation

Towards mesoscopic model

Methods Reduction of DoFs Vortex Filament Model
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Methods - our proposal

Microscopic Mesoscopic Macroscopic
[0 ASLDA framewrok [ Relativistic? Ll Relativistic
O] Explicit s-wave [ Vortex Filament [0 Fluid of clusters
superfluidity Model ] Fluid of neutron
[0 Equivalent of [0 Explicit dynamics of O Continous
Schrodinger eq. nuclei and vortices vorticity

[0 At macroscopic level we want to describe
fluid of nuclei and neutronic superfluid

[J How to estimate friction between them?

[0 Pinning force between nuclei and vortices
in neutron superfluid

A. Melatos, C. Peralta
Ap), 709, 77 (2010)

Methods Reduction of DoFs Vortex Filament Model
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Microscopic Mesoscopic Macroscopic
[0 ASLDA framewrok [ Relativistic? L Relativistic
O Explicit s-wave [ Vortex Filament L Fluid of nuclei
superfluidity Model O] Fluid of neutrons
[0 Equivalent of [0 Explicit dynamics of ] Continous
Schrédinger eq. nuclei and vortices vorticity

PKX (8= Ving (8) = Vexr) + Y (s,7) +£2 (5,1) = 0

s=s(5)

where & is a parameter

describing position of line

nuclei o

element along curve

Methods Reduction of DoFs Vortex Filament Model
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Microscopic Mesoscopic Macroscopic
[ ASLDA framewrok [0 Relativistic? L Relativistic
[0 Explicit s-wave [0 Vortex Filament O Fluid of nuclei
superfluidity Model [ Fluid of neutrons
[0 Equivalent of [0 Explicit dynamics of ] Continous
Schrédinger eq. nuclei and vortices vorticity

Two sets HFB equations with density functional for protons and neutrons

(T, 1) hyp(r,1) - by (r,1) 0 A(r, 1) Ut (T, 1)
i O uyy(r,r) || huae,n) (e —Adr, 1) 0 Uy (T, 1)
Ar| vap(r,t) |~ 0 —A*(r, 1) —h’f’T(r, 1) —h;’ L) Vit (T, 1)

A. Bulgac, Phys. Rev. A 76, 040502 (2007)

Vay (T, 1) A*(r, 1) 0 =k 0 k0 )\ vy ;
(o)
|

Methods Reduction of DoFs Vortex Filament Model
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SLDA method capabilities

Two sets HFB equations with density functional for protons and neutrons

(T, 1) hya(r,1) - by (r,1) 0 A(r, 1) Ut (T, 1)

ihﬁ unl(r, ) _ hyt(x, )y hy(r,o) —A(r, 1) 0 unl(r, 1)
or| vap(r,1) 0 —A*(r, 1) —h’f,T(r, 1) —h; l(r, 1) Yt (T, 1)
vl (r, 1) A*(r, 1) 0 —h% (e,0) —h] (1) JU vy (1)

Present computing capabilities:

(for nuclear systems)
» full 3D (unconstrained) dynamics

» volumes up to 1003 fm3

» number of particles of order 10*

» up to 10° time steps (for nuclear
systems it gives trajectory length
10 sec)

Methods Reduction of DoFs Vortex Filament Model
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to construct mesoscopic model preserving low-energy physics

When exact dynamics of
quantum system is known
a semi-classical model
preserving low-energy
excitations dynamics can
be constructed.

Exact dynamics of all fermionic DoFs
Computational cost limits size of system

(1, 1) hpa(r,1) by y(r,n) 0 Alr,1) (1, 1)

ihg U (0,0) || huamn A=A 0 Uy (1, 1)
| v | 0 —A*(r, 1) —h;ﬁ(r,r) —h;‘l(r,t) Vg (1, 1)
Yy (1, 1) A*(r,1) 0 —h}.l(r, 1) —hIJ(r, i) vy (1, 1)

Methods Reduction of DoFs Vortex Filament Model
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Example of

Cycle: 0

Contour

- —_—
Time=32504 " = .
Methods Reduction of DoFs Vortex Filameni Model




Introduction  Towards mesoscopic model Neutron Star crust modelling Future work objectives

Quantum mechanics vs hydrodynamics

ihat‘P = [ﬁone—body -I-M-i- Voxt (x,t)} ¥, ¥= \/ﬁeihe

dv 1 W V2\/n
29 Vy=——V [ V"
dt VY m 2m +/n

probability current

ny—j— 2iml W (V) — W (V)]

Madelung, E. (1926). "Eine anschauliche
Deutung der Gleichung von Schrédinger”.
Naturwissenschaften. 14 (45): 1004—1004

Time=32594 " - ": %

Methods Reduction of DoFs Vortex Filament Model
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Helmholz-Hodge decomposition (HHD

Compressible and incompressible velocity fields

V= Vey + Vind + Vaucl + Vboundary How to estimate Vn?
~— o~

~const VxA V¢N

Methods Reduction of DoFs Vortex Filament Model
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Vortex line motion

Description with fluid velocities
$ = Vind + Vp + Verr + VO + dissipative terms
Description with forces acting on a vortex line
PsK X8 = PsK X [Ving + Vi + Vex; + VN +£P
PsK X $ = yk X [V 4 Veu] — £ — /N — 1P

nucIeL ;
[ o
——

K. W. Schwarz, Phys. Rev. B 31, 5782 (1985)

Methods Reduction of DoFs Vortex Filament Model
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tex-nucleus interactio
G. Wlazlowski et al., Phys. Rev. Lett. 117, 232701 (2016)

0| n=0014m?3 —
0.031 fm’ I
e
vortex
line L X
of protons
-0.05 i

ol di

£

>

©

% 1214 R([m]

-0.1 E

n=0.014 fm™ 1ang. * :
2f ve 1=0.031 fm > tang. * ]
centr. © . .
25 L 1 - - 4 Nucleus is dragged by force adjusted
-0.15 L . L - 1 to preserve uniform motion.
8 10 12 14 16 18 20 r[fm] Interaction has to equilibrate system.

time: time: time:

10005 five 14005 fmic 16000 fmve

Vortex Filament Model

Methods Reduction of DoFs
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d . .
mnucl.Evnucl. =0=F,+ r/jf(r) sin adl

vortex
line L

C.M.

centripetal
- of protons

F.(R)

> F(R)

F(RIY. dl—
tangential “
component
vortex vanishes (a)
Form 8 10 12 14 R[fm]
central 05¢ . ‘ T Co!
0F &
£ .05F
> L
] -
. = -3
At close separation oy F B n=0.014 fm™, tang. *
the force is not a function % A5F = "a centr. B
of distance R only &_ o4° n=0.031 fm™® tang. *
L~ centr. °
_25 C N 1 n 1 " 1 L

Methods Reduction of DoFs Vortex Filament Model
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Plan of presentation

Neutron Star crust modelling

Vortex self-interaction Dissipation Applications



Neutron Star crust modelling

Setup of DFT simulations

Periodic boundary conditions

T
External
potential
trapping
neutron fluid
[ /




Neutron Star crust modelling

Periodic boundary conditions - only horizontal direction

Periodic lattice

of nuclei @ No boundaries
for fluid flow!

(Constrained by intervortex distance)
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Self-induced velocit

PsK X § = psK X [Vb+vext+ Vind] _fVN_fD

N-1)xt(zt) . .
Vina (T,1) = ﬁ /g dzw is divergent when r — s(z)

over vortex line

Local Induction Approximation (LIA) - a cannonical regularization

k [ (s(z,1) —s) x t(z,2)
Vind (S:1) = Viia (s,1) +4— / dz : 3= =V (r,1)
Ty Is (z,1) —s]
ommiting divergent point
@) SEn SN e
K R Z ~ (1985)
$(2),t) = ———1 b
690 = gz () > ,
aq - vortex core radius
R(r) - radius of curvature
Q/J "" ao

Vortex self-interaction Dissipation Applications



Neutron Star crust modelling

Periodic boundary conditions - only horizontal direction

Periodic lattice

of nuclei @ No boundaries
for fluid flow!

(Constrained by intervortex distance)

self-interaction
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Self-induced velocit

PsK X8 = PsK X [Vb+vext+ Vind] — N P

[s] =V x V[s] - vorticity field, s - vortex line element position

,0[s] =V x [v[s] x o[s]] = VA = —ols]
Effect of different domain

Viia =V X A

A= ¥ i) [Pk (o a2+ 05 @) ) a2

n=—oo

Also divergent when r — s (2)

Vortex self-interaction Dissipation Applications
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Vortex self-interaction

PsK X 8 = Py X [Vp+ Ver| — £ — VN —fP
D-1)xt(zt) . .
Vina (T,1) = ﬁ /y dz% is divergent when r — s(z)

over vortex line

Energy flow can be rewritten as

Ey =Y o(k,)u(ky)-a* (k)

u(z,t) Leading to

fl— g1 {M]

50 (kn) >
sz =7 (k) (k)] ~

A. Fetter, Phys. Rev. 162.143 (1967)
sir W. Thompson, Phil. Mag. 10, 155 (1880) e

Vortex self-interaction Dissipation Applications
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Dissipation force

PsK X 8§ = psK X [Vb+Vext] —f N — P

O Dissipation through vortex-phonon interactions f? =—1n (0—Vey)
[ Dissipation through nuclei deformation = —1a (0 —¥y)
Estimation methodology
E(0)
) ) ) . N .E\{gﬁ’,'g;“mw‘“
drag impurity with various velocities... \
look at excitation energy... »\\\ N
AE(t) ey "
F rr.
[~ N

AE(t) = AEvormx(t) + AEoompr(-)ssible(t) + AEinlernaI(t) “

Vortex self-interaction Dissipation Applications
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Dissipation force

T _ VN _ ¢D

PsK X 8§ = PsK X [V + Vour | —

[ Dissipation through vortex-phonon interactions £ = —1 (1 — V,y)
[0 Dissipation through nuclei deformation fg =-—m(a—ry)

Estimation methodology

Use “ansatz” here for the dissipation force,
and try to reproduce W (t)...

,.»;;;:“A:m. Wd(t)=f[f fD(f')'éf(f')dl"]dl
| P T

¥yowon g g

Reflected by the vortex
line deformation in VFM W (1) = Dissipated energy Known from >
d
(from point of view of VFM) simulations..
AL e
o)
|

AE(t) = AEvonex(t) + AEucnmpree‘.sible(t) + AElntemal( )

Vortex self-interaction Dissipation Applications
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Glitch size estimation

Rotation
frequency maximum glitch Observed relative sizes of glitches:
: Av/v ~ 10711 — 1073
amplitude
b
< 72 Rg
A e = — dr r®
max 7 rr° fp(r)
i KJ; 0 ™.
quantum of circulation / pinning force
moment of inertia (force needed to move a
vortex through the
medium with "impurities”)

M. Antonelli, A. Montoli, P. M. Pizzochero, MNRAS 475, 5403 (2018)

Test for crustal vs flux tubes pinning!

Vortex self-interaction Dissipation Applications
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Glitch size estimation

Rotation
frequency maximum glitch Observed relative sizes of glitches:
: Av/v ~ 10711 — 1073
amplitude
b
< 72 Rg
A e = — dr r®
max 7 rr° fp(r)
i KJ; 0 ™.
quantum of circulation / pinning force
moment of inertia (force needed to move a
vortex through the
medium with "impurities”)

M. Antonelli, A. Montoli, P. M. Pizzochero, MNRAS 475, 5403 (2018)

Could provide test for microscopic models? ;
(o)
L]

Vortex self-interaction Dissipation Applications
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Glitch size estimation

Rotation
frequency maximum glitch Observed relative sizes of glitches:
: Av/v ~ 10711 — 1073
amplitude
P
< 72 Rg
AQpax = — drr f
max ] o P\T
e KJ; 0 N
quantum of circulation / pinning force
moment of inertia (force needed to move a
vortex through the
medium with "impurities”)

M. Antonelli, A. Montoli, P. M. Pizzochero, MNRAS 475, 5403 (2018)

Vortex self-interaction Dissipation Applications
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Plan of presentation

Future work objectives
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Future work obijectives

O Development of nuclear SLDA
Il More accurate density functionals - BSk
Nuclei lattice - structure and dynamics
O Vortex Filament Model validation
I Comparison between LIA and small deflections approach
Extraction for Kelivn Waves dispersion relation
Inclusion of nuclei dynamics
Extraction of dissipation coefficients
O Large-scale VFM simulations
Il Extraction of pinning force

Connection to relativistic hydrodynamics of NS

[0 Rigorious testing of density functionals?
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Thank youl!

Work co-financed by Polish National Science Centre (project UMO-2017/27/B/ST2/02792)
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Effects of boundaries

PsK X 8§ = psK X |:Vb +Vext:| — T N —fP

Flow past boundaries have to be supressed = v*-i=vV,-ii

\
T
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