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Pulsar glitches

* Pulsar spin-down

emission of e.m. and gravitational waves — Eem > 0

d

energy conservation — E__ + ;
t

U

decrease of rotational frequency —» Q<0

¢ 10%) =0

» Rotational glitches

spin-ups — %zlo—6 (Vela) %:10—8 (Crab)
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Superfluidity in Neutron Stars

A NEUTRON STAR: SURFACE and INTERIOR
. . ‘S\lis - - 'S;.m?:u"

Homogeneous|
Matter

ENVELOPE

CRUST
OUTER CORE
INNER CORE

By olar cap

Meutron Superfluid +
S| Meutron Vortex  Proton Superconductor
Neutron Vortex

« Inner crust (pgip, < p < 0.6 Pryc)

gas of unbound superfluid neutrons ('S, pairing) — n,

lattice of neutron-rich nuclei (Wigner-Seitz cells) - Rx,Rws
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Negele & Vautherin (1973)




Quantized vortex lines

+ Quantized vortex lines
superfluidity — irrotational flow — Vxv_=0

C .
— €,
r

—  Vxv_=2zC §°(r)

classical vortex — Vs:

—_— —_—

\75 minimizes E,=E_-L -Q (f Q>Q )

v_singular at r=0 — vortex core (empty or normal matter)

Flux lines

quantized vortex lines —» C=+% _h (k=12,--")

2m_
. . § L - h
quantized vorticity — v-dl=k . (k=12,---)
my




Rotations of a superfluid

+ Rotating vessel: Feynman-Onsager formula

Vx(QxF) =2Q#0 — no rigid rotations Q

array of parallel vortices (if Q >>Q ) - <v>=2. V.

E, minimized by <V > = Qx¥
U

uniform density of vortices —» n =

NV
nR2

J 4

superfluid angular momentum quantized in vortices




Vortex theory for glitches

» Vortex pinning and Magnus force

if superfluid vortices are pinned - 0 =0 — Q =0

but slow-down of normal component — Qn <0

U

rotational lag of components —» AQ=0Q -Q >0

outward drag force on vortex — f, < AQ

» Vortex un-pinning and glitches

since AQ >0 — f... Increases with time
pinning energy — maximum pinning force f,
when f. > f. — unpinning of many vortices

U

transfer of angular momentum to the star surface

J 4

normal component spin-up = pulsar glitch

Self-repeating mechanism !

Glitches as evidence of macroscopic superfluidity |




Vortex-nucleus interaction

» Why is there an interaction?

energy density is density-dependent — g-¢g(n)

inner crust (nuclei + neutron gas) — n, > n,

U

presence and position of nuclei modify gn)

» Configurations and pinning energy

vortex-nucleus configurations in nuclear lattice

\ \J

Nuclear pinning Interstitial pinning

\ \J
E NP EIP

pinningenergy — AE . -E -E,
U

> (0 = interstitial pinning = negligible

AE
pi

n

AEpin < 0 = nuclear pinning = real pinning




Pinning energy: early models

 Simple-model assumptions

uniform densities and pairing gap — ny.n;. A = An)

superfluid-normal energy difference — ¢,-¢,=¢€,. +¢€

kin cond

Kineticterm — ¢ (n)

kin

condensationterm — ¢

cond

(A =200 MeV fm*> B =5.17 MeV fm”)

r Vortex structure

EnM) + € qm) =0 — coreradius > 1. -1.(n) (=& )

U

r-r, > &-¢,<0 — superfluid vortex

r<r. »> ¢&-¢,>0 — normal core at rest

> normal core

54

superfluid flux

IR H




» Naive pinning energy (Alpar, 1977)

simple assumption — AEpin related onlyto AE__ ,

AE due to n. = n_ over the nucleus volume 7.,
cond G N N

U

AEpin = [Scond(nN) B 8cond(nG )] VN

 Detailed model (Epstein & Baym, 1988)

realistic density profile for nuclei — n(R)

Ginzburg-Landau for neutron pairing  [GHEIRECETD

formula for AE,. dueto ny = n,
m

U

1 2 3 4 5
P 1.5x10"” 9.6x10™ 3.4x10"™ 7.8x10"™ 1.3x10™
AE,;, - 0.4 15 9 5.4

Foin - 0.11 3.6 1.9 1.7

p in g/cm3, AEu, in MeV, F, in MeV/fm

J U

nuclear pinning for p > 10" g/cm”®

large pinning energies and pinning forces




Semi-classical consistent model

» Model assumptions (Donati & Pizzochero, 2004)

Local Density Approximation (T = 0) » p.(X) = h(?mzn(i)];

realistic density profile for nuclei n,(R) — U(R)

all contributions toenergy —» ¢ __.(n), €. (n), €. .(n)

cond( kin( int(
BCS neutron pairing gap (Argonne) — A = A(n)

require thermodynamical and mechanical equilibrium

* Density profiles determination

S, (n(%))

5n(x)

find chemical potential —  p(X]=

Thomas-Fermi ansatz — u(ij constant

G, (n(%))

on(x

at given X invert equation =LuU

total neutron number » N - [nX)d%x = p=p(p)
A\

J U

Thomas-Fermi = mechanical equilibrium




r Vortex core structure

two consistent vortex scenarios — surface Zcor

U U

empty core normal matter core
nS (ZCOTG) - O PS(ZCOI‘G) - Pn (ZCOFG)

pure phase mixed phase

J U

X axially symmetric but not cylindrical in NP

c

Model-consistent and unambiguous core surface !

+ Equilibrium phase determination

for any given WS-cell and configuration (NP or IP)
\

calculate for both phases — E,N
at T=0andfixed y — potential Q=E-puN
\)

for equilibrium state — minimize Q=E-uN

J U

Qnmin = thermodynamical equilibrium




Beyond the consistent model

* Realistic pinning (Donati & Pizzochero, 2005)

few unphysical approximations in fully-consistent model

supplement model with general properties

U

more realistic pinning parameters
* More realistic in-medium pairing

medium polarization — self-energy & vertex corrections

—— Chen etal ANPA 451, 509 (1986)

— — Ainsworth et al_., PLB 222, 173 (1989)
Chen gt al., NPA 555, 50 (1993)
Wambach et al., NPA 555, 128 (1993)
Schulze et al., PLB 375, 1{1996)

ke [fm]
Lombardo & Schulze (2001)

reduction of BCS gap by factor between 2 and 3
U

1
rescale Argonne gap — Ap= BAArgm with 2<pB <3




* More realistic scale of energies

LDA — non-interacting neutrons (Fermi model)

- — - non-interacting
— without pairing
— - with pairing

[].[]I[M D.[!;CIB
p [fm™]

Bulgac & Yu (2003)

Fermi systems with @ — -0 and r <<|a

intermediate-density regime — r < kF_l <

U

E
general property — N aE  with o=0.5

Zone 1 2 3 4 5

Pr 1.5 x 10" 9.6 x 10" 34 x10"% 7.8x10" 1.3 x 10"
ng 48 x107% 47 x 1073 1.8x 1072 44x1072? 7.4x 1072
k-1 4.2 1.9 1.2 0.9 0.8

F.G

-1

} 3 . 3 .
ps ing/cm”, ng infm™, k¢ in fm

U

rescale Fermi term — ea(i): . () with oo =0.5




r More realistic vortex-nucleus kinetics

continuity equation at nucleus — cut-off on vortex flow

7]
3

approximate analytical formula for nucleus in vortex flow
1

AKnucleus oC ——

2

» Caution: collective pinning!

LDA — vortex core always normal — r =&

core

Zone 1 2 3 4 5

8 =2 134 87 103 223 77.6
8=3 20,0 13.0 154 335 1164

Rws 44.0 355 27.0 194 13.77
Encs(ns) and Ry in fm

at large densities (zones 4 &5) —» r >R

U

vortex core contains several nuclei




Results of the realistic model

« Pinning energies and forces"

only NP significatve - AE =E_—-E <0
pi NP IP

n

pinning energy — EP:‘AEpin

average pinning force  —

EP
=2 (=3 Paperl Ref [5] =2 (=3 Paperl Ref [5]

0.4 - - - 0.11
5.2 15 0.11 0.10 0.19 3.6
5.1 9 0.09 0.04 0.26 1.9
- 0.4 5.4 - - 0.03 1.7
Ep in MeV, Fp in MeV/fm, Paper [-> a=p=1, [5]— Epstein & Baym, 1988

J

nuclear pinning only for 10" < p< 10" g/cm®

small pinning energies and pinning forces

U
limited region of weak pinning

(*) P. Donati & P. Pizzochero, Phys.Rev.Lett. 90(2003)211101;
Nucl.Phys. A742(2004)363;
Phys.Lett. B(2005)submitted.
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