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Transfer of angular momentum through mutual friction between:
@ a neutron superfluid < Q,,
o the rest of the star (p, e, crust, coupled n, ...) <> Q,= Q.
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Pulsar glitches
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% @ exponential relaxation on

C

s Vortex model ~ several days or months.
time

Transfer of angular momentum through mutual friction between:
@ a neutron superfluid < Q,,
o the rest of the star (p, e, crust, coupled n, ...) <> Q,= Q.

--» Vortex pinning shall take place somewhere in the star!
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Vela glitch puzzle

Andersson et al., PRL, 2012 & Chamel, PRL, 2013

Glitches have been thought to originate from the crust.

» the core superfluid is expected to be “PaG ~1.62 % 10-2
strongly coupled to the crust, Aipar+ 1984 i

» analysis of glitch data: S b 1
I 215* —

n o
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40,000 44,000 48000 52000 56,000

Modified Julian Date (days)
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Vela glitch puzzle

Andersson et al., PRL, 2012 & Chamel, PRL, 2013

Glitches have been thought to originate from the crust.

» the core superfluid is expected to be
strongly coupled to the crust, Aipar+ 1984

4G~ 162 x 102

» analysis of glitch data: S b 1
l 215’ —

n o
—2G6Gx(1-<e,>)~0.07 0f :
/ o Vela (PSR B0B33-45) |
. [crust _ ) Ho et al,, Sc. Adv., 2015]
Rk /n // ~ 002 005 40?)00 000 400 52000 56000

Modified Julian Date (days)

However, this scenario has been recently challenged by considering
crustal entrainment effects --» the crust is not enough!
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Vela glitch puzzle

Andersson et al., PRL, 2012 & Chamel, PRL, 2013

Glitches have been thought to originate from the crust.

» the core superfluid is expected to be
strongly coupled to the crust, Aipar+ 1984

4G~ 162 x 102

» analysis of glitch data: S b 1
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Rk /n // ~ 002 005 40?)00 000 400 52000 56000

Modified Julian Date (days)

However, this scenario has been recently challenged by considering
crustal entrainment effects --» the crust is not enough!

--» possible role of the outer core...
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The outer core of neutron stars

The outer core is expected to contain:
@ a neutron superfluid,
@ a type Il proton superconductor,

@ a degenerate gas of electrons (and possibly muons).

Observational evidence:

monitoring of the rapid cooling of the young NS in Cassiopeia A.
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Introduction Pulsar glitches

Superfluidity & superconductivity in the outer core of NSs
Vortex-fluxoid interpinning

The outer core of neutron stars

The outer core is expected to contain:
@ a neutron superfluid,
@ a type Il proton superconductor,

@ a degenerate gas of electrons (and possibly muons).

Observational evidence:

monitoring of the rapid cooling of the young NS in Cassiopeia A.

Two kinds of quantised lines:
» superfluid vortex lines,

» proton flux tubes (or fluxoids).

4/20 CoCoNuT Meeting 2016 Valencia - December 15, 2016



Introduction Pulsar glitches
Superfluidity & superconductivity in the outer core of NSs
Vortex-fluxoid interpinning

Vortex-fluxoid interpinning

Different scenarios can lead to pinning:

@ A moving vortex line is likely to intersect several flux tubes.

The vortex-fluxoid junction is energetically favorable

--» vortices may pin to fluxoids in the outer core.
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Vortex-fluxoid interpinning

Different scenarios can lead to pinning:

@ A moving vortex line is likely to intersect several flux tubes.

The vortex-fluxoid junction is energetically favorable

--» vortices may pin to fluxoids in the outer core.

@ Flux tubes may clusterize around vortex lines.

Sedrakian & Sedrakian, ApJ, 1995
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Vortex-fluxoid interpinning

Different scenarios can lead to pinning:

@ A moving vortex line is likely to intersect several flux tubes.

The vortex-fluxoid junction is energetically favorable

--» vortices may pin to fluxoids in the outer core.

@ Flux tubes may clusterize around vortex lines.

Sedrakian & Sedrakian, ApJ, 1995

Objectives:

» Study the impact of perfect vortex-fluxoid pinning on the
mutual friction force,

» Explore possible implications for glitches.
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Astrophysical implications

© Introduction

© Mutual friction force
@ Two-fluid model

© Conclusion
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Mutual friction force Vortex-fluxoid contribution to mutual friction force
Astrophysical implications

Hydrodynamical approach

Intervortex spacing length:

1/2
dy~1.1073 x P / cm.
10 ms

--» on scales L verifying d, < L < R, a smooth-averaged
hydrodynamical approach is relevant.

Two-fluid model

The outer core of NSs can be described as a mixture of two fluids:
@ a neutron superfluid moving at v,;',

@ a charge-neutral fluid made of protons and electrons moving at
a common velocity, v;.
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Origin of the mutual friction force

Euler equations:

(0e + viV)) (Vi + awpn) + V' (fin + ) + eV = £, /pn,
(0 + VéVJ-) (vé - apwgn) + V' (fip + &) — EpvvJP"V"vé = ﬂ,i_,p/pp,

where wy, = v, — v, and ex stands for entrainment effects.
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Mutual friction force Vortex-fluxoid contribution to mutual friction force
Astrophysical implications

Origin of the mutual friction force

Euler equations:

(8 + VIV)) (vi + EnWF';n) + V' (jin + ) + €nVVanViV£ = +f'/pn,

(0 + Vévj) (vg - Epwén) + Vi (fip + &) — :pwjp”V"v{; = —f!/pp,
where Wén = v,i — v and ex stands for entrainment effects.

Mutual friction force:
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Two-fluid model
Mutual friction force Vortex-fluxoid contribution to mutual friction force
Astrophysical implications

Origin of the mutual friction force

Euler equations:

(8 + VIV)) (vi + EnWF';n) + V' (jin + ) + 5nv|/j!’”Viv£ = +f'/pn,

(0 + Vévj) (vg - Epwén) + Vi (fip + &) — :pwjp”V"vlf)' = —f!/pp,
where Wén = v,i — v and ex stands for entrainment effects.

Mutual friction force:

--» microscopic interactions between the vortices and the fluids J
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Astrophysical implications

Model assumptions

We assume that N, flux tubes are pinned to each vortex line:

0< N, <108
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Mutual friction force Vortex-fluxoid contribution to mutual friction force
Astrophysical implications

Model assumptions

We assume that N, flux tubes are pinned to each vortex line:
0< N, <108

Moreover, we assume that flux tubes are straight, aligned with the
vortex lines, forming a bundle of size d..
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Mutual friction force Vortex-fluxoid contribution to mutual friction force
Astrophysical implications

Model assumptions

We assume that N, flux tubes are pinned to each vortex line:
0< N, <108

Moreover, we assume that flux tubes are straight, aligned with the
vortex lines, forming a bundle of size d..

dpin
e Contact pinning (intersection)
e Dynamical pinning (Sedrakians)
. 4.
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Two-fluid model
Mutual friction force Vortex-fluxoid contribution to mutual friction force
Astrophysical implications

Model assumptions

We assume that N, flux tubes are pinned to each vortex line:
0< N, <108

Moreover, we assume that flux tubes are straight, aligned with the
vortex lines, forming a bundle of size d..

dpin
-———— —d— —_—————p ‘_l”
' e Contact pinning (intersection)
e Dynamical pinning (Sedrakians)
. 4.

d. < d, --» neglect any possible interactions between bundles. )
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© Introduction

© Mutual friction force

@ Vortex-fluxoid contribution to mutual friction force

© Conclusion
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Forces acting on a single bundle

A bundle undergoes the following averaged forces per unit length:

» non-dissipative Magnus forces:

Fi=Fian+ Fitps
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Two-fluid model
Mutual friction force Vortex-fluxoid contribution to mutual friction force
Astrophysical implications

Forces acting on a single bundle

A bundle undergoes the following averaged forces per unit length:

» non-dissipative Magnus forces:

Fi=Fian+ Fitps

» a dissipative drag force associated with the electrons:
‘F(g:_R(VTC_V;I;)>

where R > 0 is called the resistivity coefficient and v/ is the
mean velocity of the bundles in the fluid element.
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Mutual friction force Vortex-fluxoid contribution to mutual friction force
Astrophysical implications

Generalized Joukowski lift formula

Carter, Langlois & Prix, Springer, 2002

e Neutron Magnus force:
i ik oa
Fain = =€ pakik (Vak — vik)
@ Proton Magnus force:
i ik o
Fup = =€ npCofi (vp;< — VLk) ,

where Cp, is the momentum circulation of the proton fluid
around the bundle: C, = § 7P dx’.
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Generalized Joukowski lift formula

Carter, Langlois & Prix, Springer, 2002

e Neutron Magnus force:
i ik oa
Fain = =€ pakik (Vak — vik)
@ Proton Magnus force:
i ik o
Fup = =€ npCofi (vp;< — VLk) ,

where Cp, is the momentum circulation of the proton fluid
around the bundle: C, = § 7P dx’.

Cp is quantized:

> In the absence of flux tubes --» C, = 0.
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Two-fluid model
Mutual friction force Vortex-fluxoid contribution to mutual friction force
Astrophysical implications

Generalized Joukowski lift formula

Carter, Langlois & Prix, Springer, 2002

e Neutron Magnus force:
i ik oa
Fain = =€ pakik (Vak — vik)
@ Proton Magnus force:
i ik o
Fup = =€ npCofi (vp;< — VLk) ,

where Cp, is the momentum circulation of the proton fluid
around the bundle: C, = § 7P dx’.

Cp is quantized:
> In the absence of flux tubes --» C, = 0.
» If pinning takes place --» C;, = N, x m X K.
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Mutual friction force Vortex-fluxoid contribution to mutual friction force
Astrophysical implications

Resistivity coefficient

Main source of drag:

--> electrons scattering off the magnetic fields carried by
the N, fluxoids present in each bundle.

Drag-to-lift ratio for a single flux tube:

R _ X, \7/6 P 1/6
= ~ax107t (1—g,) V2 (22
S Pk X107 (1-2) (0.05) 10 g.cm—3
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R _ X, \7/6 P 1/6
= ~ax107t (1—g,) V2 (22
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However, the drag-to-lift ratio for V, flux tubes is poorly known!
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Two-fluid model
Mutual friction force Vortex-fluxoid contribution to mutual friction force
Astrophysical implications

Resistivity coefficient

Main source of drag:

--> electrons scattering off the magnetic fields carried by
the N, fluxoids present in each bundle.

Drag-to-lift ratio for a single flux tube:

R _ X, \7/6 P 1/6
= ~ax107t (1—g,) V2 (22
S Pk X107 (1-2) (0.05) 10 g.cm—3

However, the drag-to-lift ratio for V, flux tubes is poorly known!

e Contact pinning --» & ~ &, x N,2,

@ Dynamical pinning --» £ ~ &, x N,.
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Mutual friction force

The stationary motion of a bundle is governed by

fé+.7:1</[n+.7'_1<4p:0 -3 vﬁ.
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Mutual friction force

The stationary motion of a bundle is governed by

fé+.7:1</[n+.7'_1<4p:0 T

The mutual friction force thus reads

fniwf: - anl(/[n

= In—v
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Mutual friction force

The stationary motion of a bundle is governed by

fé+.7:1</[n+.7'_1<4p:0 T

The mutual friction force thus reads

. . o N o o
fle=— | NaFlin|=Nopnk (ﬂs’f R i€ kim' won + ('Y Rjwp ) .

= In—v

14 /20 CoCoNuT Meeting 2016 Valencia - December 15, 2016



Two-fluid model
Mutual friction force Vortex-fluxoid contribution to mutual friction force
Astrophysical implications

Mutual friction force

The stationary motion of a bundle is governed by

fé+.7:1</[n+.7'_1<4p:0 T

The mutual friction force thus reads

. . o N o o
fle=— | NaFlin|=Nopnk (ﬂs’f R i€ kim' won + ('Y Rjwp ) .

B £e XX+ —
St Y T et e W Xl
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Astrophysical implications

© Introduction

© Mutual friction force

@ Astrophysical implications

© Conclusion
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Coupling time scale

The dynamical evolution of the relative velocity WF';n is governed by

aWF')n ani i Wpl)n
== X B X wy, =— .
ot Xp (1 —éen —€p) Te
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Coupling time scale

The dynamical evolution of the relative velocity WF';n is governed by

aWF')n ani i Wpl)n
+.== X B X wy, =— .
ot Xp (1 —en —€p) Tc

Coupling time scale between the fluids through MF (N, k ~ 2Q):

Xp (1 —en —&p)
2Q

Te =

Xl
Gl
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Mutual friction force Vortex-fluxoid contribution to mutual friction force
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Coupling time scale

The dynamical evolution of the relative velocity WF';n is governed by

aWF')n ani i Wpl)n
+.== X B X wy, =— .
ot Xp (1 —en —€p) Tc

Coupling time scale between the fluids through MF (N, k ~ 2Q):

Xp (1 —en —&p)
2Q

Te =

Xl
Gl

Without pinning:

_ ~1/6
0 32 o ( Xp \71/6 p
7e =10 P(s) (1= &p) / “p (0.05) 1014 g.cm—3 >
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Coupling time scale with core vortex pinning

p=10"* g.cm=3, xp =0.05, e, =0.1 & P =89 ms. J

10'° ‘
108, g\:ar
5 ol — v
10
4 /
— 10
N
© Mo
& 102 To(Np=0) o
10°
1072
o ;
10° 10" 102 10° 10* 10° 10° 107 10% 10° 10'°
Np
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Astrophysical implications

Coupling time scale with core vortex pinning

17/20

p=10"* g.cm=3, xp =0.05, e, =0.1 & P =89 ms. J

10'° ‘
108, g\:ar
5 ol — v
10
4 /
— 10
N
© Mo
& 102 To(Np=0) o
10°
1072
o ;
10° 10" 102 10° 10* 10° 10° 107 10% 10° 10'°
Np

--» The core may take part to the glitch process!
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© Introduction
© Mutual friction force

© Conclusion
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Conclusion & perspectives

Conclusions:

--» Impact of vortex-fluxoid pinning on MF force is twofold:
» modification of the resistivity coefficient,

» additional proton Magnus force.
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Conclusion

Conclusion & perspectives

Conclusions:

--» Impact of vortex-fluxoid pinning on MF force is twofold:
» modification of the resistivity coefficient,

» additional proton Magnus force.

--» The core superfluid may be involved in the glitch process.

Perspectives:

» explore other astrophysical implications: precession, r-modes,
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Thank youl
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Appendices
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Vortex lines & flux tubes

A superfluid can only rotate by forming
an array of quantized vortices.

Madison et al., PRL, 2000

Quantum of circulation:

k=h/(2m,) ~ 21073 cm? 5!

Mean surface density of vortex lines:

_ 4m,Q, 5 P -1 _2
N, = p ~6.10 <10 ms) cm
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Conclusion

Vortex lines & flux tubes

A superfluid can only rotate by forming
an array of quantized vortices.

Madison et al., PRL, 2000

Quantum of circulation:

k=h/(2m,) ~ 21073 cm? 5!

Mean surface density of vortex lines:

_ 4m,Q, 5 P -1 _2
N, = p ~6.10 <10 ms) cm

22/20 CoCoNuT Meeting 2016

Likewise, a type Il superconductor is
threaded by flux tubes (or fluxoids).

Hess et al., PRL, 1989

Quantum magpnetic flux:

$o = hc/(2e) ~2.1077 G.cm?

Mean surface density of fluxoids:

B B
= ~ 5.10'8 m—2
Np ; 5.10 (1012 G)C
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Conclusion

Velocity of the vortex array

Velocity of the vortex array:

vI’; = F&i + rQ\,&fP

e radial velocity:

r= *W"(QP*QH),

@ angular velocity:

Q. = nt(X+24XE3)0,
VT x4 xér

If X =0:

(QQ-Q) & Q, = 2t&%

r= e

¢
“Tre’
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Conclusion

Magnus force

Size of a vortex core:

Ax ~ 130 fm.

On microscopic scales A\, < L' < d,, a single vortex line undergoes
a Magnus force from the neutron superfluid.
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Conclusion

Magnus force

24 /20

Size of a vortex core:

Ax ~ 130 fm.

On microscopic scales A\, < L' < d,, a single vortex line undergoes
a Magnus force from the neutron superfluid.

On macroscopic scales d, < L < R, the action of the neutron
superfluid on each vortex line is represented by an averaged
Magnus force per unit length:

i iik
Fain = =€ parj (Vo k — vik) |

where k' = ki’ and v/ is the mean velocity of the vortex lines in
the fluid element of size L.
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Mutual friction & model assumptions

Mutual friction force:

i i _ i
mf — _f;1~>v - _nV]:Mn .
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Mutual friction & model assumptions

Mutual friction force:

@ n,: local surface density of vortex lines. Assuming straight vortices
parallel to the rotation axis, we get
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Conclusion

Mutual friction & model assumptions

Mutual friction force:

i i i
mf — _f;1~>v - _nV]:Mn .

@ n,: local surface density of vortex lines. Assuming straight vortices
parallel to the rotation axis, we get

ny ~ Na.

@ F;.: the vortex velocity v/ is given from the microscopic
interactions with the surrounding fluids.
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Conclusion

Mutual friction & model assumptions

Mutual friction force:

i i i
mf — _f;1~>v - _nV]:Mn .

@ n,: local surface density of vortex lines. Assuming straight vortices
parallel to the rotation axis, we get

ny ~ Na.

@ F;.: the vortex velocity v/ is given from the microscopic
interactions with the surrounding fluids.

We shall consider stationary, axisymmetric and circular configurations:
i i i i . _
Vo = rQauy, and vy =rQpug,, with Q= Q.
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Conclusion

Force balance

The stationary motion of a bundle is governed by

Fi+Flin+Fup=0|

Solving this equation, the bundle velocity is given by
vi = vl + 228 (BelkRje B’k
L= Y% R j k/,,,/f W nt Kj Wk )

where we have introduced the following mutual friction coefficients

(L+X)>+&2° (1+X)2+&2°
with o
X =TT .
Pnk

Rk: we confirm results obtained by Glampedakis & Andersson (2011).
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B coefficient VS N,

p=10"gecm3, x, =0.05 & ¢, = 0.1 J
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I e
10” S e
10 ot
102} s o 108 B(N;=0) S
Rl -8
@ 103 H# a T
E?Ipar 10-10 L €2 .
4 gged - 1 o ) €8 J—
5 g9 o) o | | 107l X0 oo
10 10718 .
10 ; ﬁ(NfO) 10718
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P ) n p
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p' coefficient VS N,

p=10"gecm3, x, =0.05 & ¢, = 0.1 J
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