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Introduction

The glitch phenomenon

(Frequency — 0.0909) x10°% Hz

[  Kaspi & Gavriil, ApJ, 2003
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Observations
Vortex-mediated glitch theory

Observational feat

Espinoza et al

@ amplitude:
AQ/Q~107° —107°

@ short rise time:

@ exponential relaxation on
several days or months.

Models for pulsar glitches Haskell & wmelatos, 11mPD, 2015
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» Rearrangement of the moment of inertia --» crust quakes,

» Angular momentum transfer between two fluids --+ superfluidity.
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Vortex-mediated glitch theory

The glitch phenomenon

Observational feat

Espinoza et al

@ amplitude:
AQ/Q~107° —107°

@ short rise time:

Wong, Backer & Lyne, ApJ, 2001 @ exponential relaxation on
1 1

Il
800 900 1000 several days or months.
MJD — 50000

Frequency Residual Av (10-® Hz)

Models for pulsar glitches Haskell & wmelatos, 11mPD, 2015

» Rearrangement of the moment of inertia --» crust quakes,

» Angular momentum transfer between two fluids --+ superfluidity.
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Observations
Vortex-mediated glitch theory

Superfluidity in neutron stars

Superfluid properties:

> zero viscosity,
» infinite thermal conductivity,

» angular momentum quantized
into vortex lines.

Madison et al., PRL, 2000

Theoretical predictions for NSs Observational evidence

@ Long relaxation time scales
T~ 10° — 1010 K in pulsar glitches,

@ Fast cooling in Cassiopeia A,

--+ superfluid neutrons in the core
& in the inner crust of NSs. ® QPOs from SGRs, ...
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Vortex-mediated glitch theory

Anderson & Itoh, Nature, 1975

Two-fluid model A
Baym et al., Nature, 1969 8
=
@ Charged particles: 8
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Q, = Q  pulsar . Q,
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Vortex-mediated glitch theory

Anderson & Itoh, Nature, 1975

Two-fluid model 4 Q,
Baym et al., Nature, 1969 8 \

@ Charged particles: 8
()
. >

Q, = Q  pulsar 5 Q,
@ Superfluid neutrons: é’w
Q2 Q ©

—>
time

Key assumption: the vortices can pin to the crust and/or to flux tubes.
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Vortex-mediated glitch theory

Anderson & Itoh, Nature, 1975

Two-fluid model 4 Q,
Baym et al., Nature, 1969 8
=
@ Charged particles: 8
()
>
Q, = Q  pulsar . Q, -
@ Superfluid neutrons: §1
~
Q. 2 9, s -
time

Once a critical lag £, — €2, is reached:

some vortices get unpinned and are allowed to move radially

--» angular momentum transfer between the fluids
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Introduction Observations

Vortex-mediated glitch theory

Purposes of this work

Objectives:

» Build a simple numerical model for pulsar glitches, including
general relativity and realistic equations of state,

» Get some constraints on the interior of neutron stars.

Fundamental hypothesis (to be verified):
hydrodynamical time ~ 0.1 ms < rise time (dissipation)

--» the glitch event is a quasi-stationary process and can thus be
modelled through a series of equilibrium configurations.
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Numerical models for pulsar glitches

Assumptions & Ingredients

Prix et al., PRD, 2005 & Sourie et al., PRD, 2016

Equilibrium configurations:

>

>

isolated star,

T =0,

no magnetic field,

dissipative effects are neglected,
uniform composition — p,e™, n,

asymptotically flat, stationary,
axisymmetric & circular metric,

rigid-body rotation: Q,, Q,.

Realistic equilibrium configurations
Bulk model for pulsar glitches
Towards a more realistic model

Equations of state:

Density-dependent RMF models
(DDH & DDHo)

PSR J034810432
T

PSR J1614-2230

DDHS - 0 Hz
= wwee DDHS - 716 Hz
© — DDH-0Hz

S 1 — DDH-716Hz

8/21
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Fluid couplings

9/21

Moments of inertia:

dJx = Ixx dQ2x + Ixy dQy X,YE{n,p}

Ix = Ixx + Ixy 7:/n+7p
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Numerical models for pulsar glitches Bulk model for pulsar glitches

Towards a more realistic model

Fluid couplings

Moments of inertia:
dJx = Ixx dQx + Ixy dQy X,YE{n,p}

7X:/XX+/XY 7:7n+7p

The fluids are mainly coupled through two non-dissipative mechanisms:

m entrainment effect m relativistic frame-dragging effect
due to the strong interactions associated with the rotation of
between nucleons in the core: the fluids Q, and Q,:

Andreev & Bashkin, SJETP, 1976

Carter, Annals of Physics, 1975
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Towards a more realistic model

Entrainment VS frame-dragging

Coupling terms: 0.2
pling —
< 0.15
x = horlIx oq T \\
Total coupling, at low Q: 005 ~_
“ ~
t \'\
en r _
B +€,Hp 0.05 BBE{"
P 1+€p_>p+€n_>p -0} - y
015 Qn /27 = Qp /2w ~ 10 Hz
I 1.2 1.4'\/I y 16 1.8 2
Remarks: a (M)

@ £ > 0 in the core, o
0T oo NB: &y~ I,/ x &, = 0.05 x &
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Towards a more realistic model

Angular momentum transfer

Langlois et al., MNRAS, 1998 & Sidery et al., MNRAS, 2010

Q, — Q, = Qo = angular momentum transfer through mutual friction.J

Assuming straight vortices, the mutual friction moment reads

it = —B / Mm@ h? AT x (Qn — Q) = —2BCT,Q, x 6Q
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Angular momentum transfer

Langlois et al., MNRAS, 1998 & Sidery et al., MNRAS, 2010

Q, — Q, = Qo = angular momentum transfer through mutual friction.J

Assuming straight vortices, the mutual friction moment reads

—
Cint = —B/ Mana@nh? AT x (2, — Qp) = —2B¢1,Q, x 6Q
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Towards a more realistic model

Angular momentum transfer

is et al., MINRAS, 1998 & Sidery et al., MNRAS, 2010

Q, — Q, = Qo = angular momentum transfer through mutual friction.J

Assuming straight vortices, the mutual friction moment reads

superfluid vorticity Pan lag
Mint = —E/ Mnnn@nh? AT x (2, — Qp) = —2B¢1,Q, x 6Q
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Angular momentum transfer

is et al., MINRAS, 1998 & Sidery et al., MNRAS, 2010

Q, — Q, = Qo = angular momentum transfer through mutual friction.J

Assuming straight vortices, the mutual friction moment reads

superfluid vorticity Pan lag
Fint = —B [ Tanawah? dZ x (Qn — Qp) = —2B¢1,Q, x 6Q

\ mutual friction parameter
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Angular momentum transfer

Langlois et al., MNRAS, 1998 & Sidery et al., MNRAS, 2010

Q, — Q, = Qo = angular momentum transfer through mutual friction.J

Assuming straight vortices, the mutual friction moment reads

superfluid vorticity Pan lag
Fint = —B [ Tanawah? dZ x (Qn — Qp) = —2B¢1,Q, x 6Q

\ mutual friction parameter

Drag-to-lift ratio R

R

B:1+R2

» crust: 1073 <R <1078,

> core: R <1073,
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Angular momentum transfer

Langlois et al., MNRAS, 1998 & Sidery et al., MNRAS, 2010

Q, — Q, = Qo = angular momentum transfer through mutual friction.J

Assuming straight vortices, the mutual friction moment reads

superfluid vorticity Pan lag
Fint = —B [ Tanawah? dZ x (Qn — Qp) = —2B¢1,Q, x 6Q

\ mutual friction parameter

Drag-to-lift ratio R

R

B:1+R2

N
N

» crust: 1073 <R <1078,

> core: R <1073,
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Realistic equilibrium configurations
Numerical models for pulsar glitches Bulk model for pulsar glitches
Towards a more realistic model

Spin-up time scale

Evolution equations:
(5= s 89(t) = R x e
b = = Tine. 0Qo <> trigger threshold

» Theoretical rise time:

» Numerical modelling:

Input parameters

Computation of Q,(t) & Qu(t) .
profiles from Q, 0 > Q0 MB, Q, EoS, B-eq., AQ/Q, B
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Realistic equilibrium configurations
Bulk model for pulsar glitches
Towards a more realistic model

Numerical models for pulsar glitches

Time evolution
AQ/Q =107°, Qf /2 = Qf /2r = 11.19 Hz,

Mg =14My & B=10"*
1.2x10°
a2 Q

10 S n DDH - numerics +

x T fittt,=428s — | ]

e — of, :/g;f DDHS3 - numerics
8x107 - £ fit: 7, =2.92s ——
oc‘]c:_ ',' Qp
= ex107fof
q X ’l/ \
< !
7).t
4x10 7 d N
.y , NN\
2x107 DDH5 --- < \
oy DDH — N\ \
N I 10710
0 5 10 15 20 25 30 0 10 20 30 40 50 60
t(s) t(s)
Meudon - May 19, 2016
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Realistic equilibrium configurations
Numerical models for pulsar glitches Bulk model for pulsar glitches
Towards a more realistic model

The Vela pulsar

AQ/Q =107, Qf /2r = Qf /27 = 11.19 Hz

| [DDH - =~
107" | DDH§ —e— o -ois]
EEREETEEEL EREEEr L S
3 » B/\T = Tr\(
-3
10 ——_A__Tr_=_1§1‘ o
L S sl Re——— > Lower limit:
J—
o Tz 105} 7 <30
£ - - === A == === :: ----- :: ————— :;k‘ ‘U(
b ° _ ——'-' B | B y
10—51': ————— S, e————— O— Arﬂ? B> 10
1 1.2 1.4 16 18 5
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@ Towards a more realistic model

© Conclusion
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Realistic equilibrium configurations
Numerical models for pulsar glitches Bulk model for pulsar glitches
Towards a more realistic model

Additional physical inputs

So far, we assumed that all the neutrons can decouple from the protons. )

m only a small fraction of the neutron m we need to account for crustal
fluid could be involved in the glitch: entrainment (Bragg scattering):
T /7 — qnc /7 nc _nc
In/ I >F=1"/12Gx(1-¢p) —14 < <0
s e — B p/pg (core)
05 1 15 2 25 3
* G ~0.016 |
sor | EERN inner crust ——
N E 12 AN e L og9
2w B E 1 0.98 g
(- ) - = £
= E 6 097
“ 1o 9 B £
£ 4
) Vela (PSR B0833-46) ] ) L 0.96
ok Hot, Se. Ad|v., 2015 0 Antonelli+, ArXiv, 2016 =1 005
40000 44000 48000 52000 56000 0 0.1 0.2 0.3 0.4 05
Modified Julian Date (days) plpg (inner crust)
See also: Link+, PRL, 1999 & Lyne+, MNRAS, 2000 See also: Chamel, PRC, 2012
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Numerical models for pulsar glitches Bulk model for pulsar glitches
Towards a more realistic model

Constraining the interior of NSs

nc
100 o= 1- f__ €n
- 2BQ
10 \\ n
1 A » whole core:
f =0.94, ei° = 0.03 (DDH)
< o1 f =0.96, n° = 0.02 (DDH§)
0.01 » outer core:
0.001 f =0.016, i =0
7QCOI’E
> inner crust:
0.0001
6 -4 -2 2 4 6
10 10 10 1 10 10 10 f=0.064, "= —3
R
7Min ~ 1 ms-0.1s -+ the glitch event is a quasi-stationary process v/
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Conclusion

Conclusion & perspectives

@ Additional coupling through the relativistic frame-dragging effect,
@ Relativistic corrections on the spin-up time: ~ 50% (core),

— should be included in a quantitative model of glitches.

Future work:

> Improve our numerical models by including the crust and considering
that only a small amount of vortices is involved in the glitch event,

» Comparison with future accurate observations of glitches,

» Build a complete model of glitch (incl. relaxation) <+ B(t).
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Thank youl
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Conclusion

P — P diagram

ATNF Pulsar Database ; Manchester et al., Astron. Journal, 2005

107 -
10712 b
. 107
10718 :
1021 [ glitching pulsars |

0.001 0.01 01 1 10 100
P (s)
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Different kinds of glitches ?

Avlv 1109
T T E A 0.01 0.1 1 10 100 1000 10000 100000
o =The Crab pulsar N AL T .a 0 T T T T T T T T
A -0~ 315 glitches
1e6L 4 —The Velapulsar A J -8 Published glitches
A 50 - -& Magnetars 4
A a
>
JETE o 4
> A
o @ o
1E8E o D‘ 5 o o J
a o
o o o O
o -2 -1 o 1 2 3 4 5
1E-9 . v = log(Av/v [10%)
100 1000

Time Since Last Glitch (days)
Espinoza et al., MNRAS, 2011

Wang et al., Ap& SS, 2012
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Glitch activity
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Spacetime metric

Bonazzola, Gourgoulhon, Salgado & Marck, A&A, 1993

Rotating neutron stars, at equilibrium, described by (€, g):

@ asymptotically flat: g — n at spatial infinity (r — +00),

08ap __ O08ap __
ot

@ stationary & axisymmetric:

Op !
@ circular: perfect fluids = purely circular motion around the rotation
axis with Q,, ©, (+ rigid rotation).

Spacetime metric in quasi-isotropic coordinates:

8op XV dxP = —N2dt? 4+ A2(dr? + r* d6?) + B?r?sin® §(dp — wdt)?

At spatial infinity
N,AAB—1 & w—0
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Metric potentials

015
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005 \
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Relativistic two-fluid hydrodynamics

Carter, "Covariant theory of conductivity in ideal fluid or solid media", 1989 & Carter & Langlois, Nuc. Phys. B, 1998

System = two perfect fluids:

@ superfluid neutrons — fiy, = n,dn,
@ protons & electrons  — i, = nplp.

Energy-momentum tensor
Taﬁ = nnap/r; + npapg’ + wgoz,@
< conjugate momenta

Entrainment matrix: Equation of state

Y L e )

--» entrainment effect
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Neutron stars interior
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Equations of state

Relativistic Mean-Field Theory:

strong interaction between nucleons < exchange of effective mesons

PSR J0348+0432

& PSR J1614-2230
15l @ Gravitational mass:
ol DDH3 - 0 Hz
= ws DDH3 - 716 Hz Mg = /\/]B ~+ Epind,
o = DDH-0Hz
S 1 — DDH-716Hz . ) )
] @ Circumferential radius:
i R X _ X
R 2 Rcirc, eq — C /27T
0 L 1 i r ik

RD. (km)

circ
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Tabulated EoS

1800 [ R

1600

S 1400

(MeV

ie]

:
=3

N (]
ll!!!!!!!!!!!!!!!!!!

o
31200

1000

80000 m,c1000 1200 1400 1600 1800
i, (MeV

~
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Entrainment effects

Dynamical effective mass:

3= 3=
Px = mj( ux

— in the rest frame of the second fluid.

Zero-velocity frame: 06
05
special relativity 0al o
*X
®o03f /.

. / o1t} o L ]
entrainment f n ] S

®30 o2 o4 06 08 10 12
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341 formalism

Foliation of the spacetime (£, g) by
(X¢)er: With unit normal i

Eulerian observer O, : 4-velocity = ri

o lapse function N : = —NVt,

o shift vector B : 8, = Nfi + .

A" = const.

Zop Ax®dx? = —N2dt? 4 ~; (dx' + 7 dt) (A + 7 dt)
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Numerical procedure

Parametres d’entrée :

e une EOS - -
o HY, HP At each iteration
* Ny Yy For given values of (u", uP, A?),
H we compute:
P— , ~ 1. W, ny, np and o from the EoS
Initialisation : [
I,
B A = L 9 (9) 2. The source terms E, p,, S';,
¢ Uy=U,=0 3. Einstein Equations are solved,
e Hi(r,0) = H: (1——) 4. Kinetic terms U, et [,
) _ .
5. Computation of H, _ ;.

Convergence threshold
]Hk+1(r,9) — Hi(r,0)| < e
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Density profiles

Mg = 1.4 Mg, Q,/2m = Q,/2m =716 Hz

4 . ; T 6-0 Grav. potential
N 6=mn/2—
5
e 3t neutrons DDH
s
1]
Q p g
g N
© £y
@ i
\
21
< .
o
protons
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Angular momenta

Axisymmetry < X )

Komar definition:

“Pe Eulerian observer i (3+1)

Angular momentum of each fluid

Langlois, Sedrakian & Carter, MNRAS, 1998

pe ="Thn nnpg + rpnppg
—_—— ——

n

Jo je

Ix :/ jy A*Br’sinfdrdfdy
>
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Fluid couplings

For Q, ~ Q,, the angular momentum of fluid X reads
Ix =~ fz, ri”xux% (Qx —w) r? sin20 d3v
+ fx, TanxpXex i (Qy = Qx) r? sin26 d3v

Introducing ix = Mk nxpX & r?sin 20, we characterize the couplings by

@ Entrainment: @ Lense-Thirring:
I {_:entr :/ ix €x d3\/ 7X (EI)}T_)XQX +5%/T—>XQY) E/ ix w d3V
pa pa

where 7)( = th ix d3\/

Jx =Ix (1 - Eilx - Eintr) Qx + Ix ( X" = E%’ZX) Qy J

36/21 MODE Workshop 2016 Meudon - May 19, 2016




Conclusion

Fluid couplings

Qp /2t =0 Hz

10'12 ‘6 1 5 1 4 1 3 1 2 1 1 1 0 1

) 107 10° 10 10 10 10 10
Q, /21 [Hz]
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Vorticity

Superfluid vorticity

1.10 T T T T T T T T T T
1.15

1 1.10

- = 1.05F

a a

= £ 1.00
(aV] o

- ] — 0.95
c =

8 B 0.90

] 0.85

0.80

Q°/2m = QP /2r = 716 Hz |
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Chemical equilibrium

Typical timescales

Yakovlev et al., Pt al Reports, 2001
@ Direct Urca : oo F-room—
T —4 1| LLDDH3 - | --------------- -
78 220 —— s 5x10 ]
’ (109 K> 11 —
4x10 i
@ Modified Urca : S o B
— 3x10 Wig
—6 s / /
B = T months < xS
10° K b/
11071 | 5
) M
L 0
Two limiting cases: N ME
. -1x10°
@ 73 =0 --> B-eq. is enforced. 0 2 4 8 ts(s) 10 12 14 18

’MB:cte & pg=pul

AQ/Q =10"*, Qf/2m = 327 Hz, DDH,
@ 73 — 0O --» no reactions. M¢ =14 Mg, B=10"*

‘M,?:cte & M,,B:cte
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Gravitational wave amplitude

o = = g o _t
h+(t):f%sm2/%Q:hosm2/ e J
1028 , , —
327 Hz —e— Pites
10-28 L 65 Hz »””
11.19 Hz —— Jog
2 Hz = o
1030 o e D=1 kpc,
o 432 ,v’/ c . e B=10"3,
<= 10 7 $ote
3 »
= o o Mg =14Mg,
107 T .
e L @ DDH EoS.
-36 ”' R
10 - /T ”II’”
Prad g
10738 s
10® 107 10% 10®° 10* 10° 102 107 10°
AQ/Q

h=10x107 (18:) " (i) (i)' (322) |
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Measuring mass using pulsar glitches

Ho, Espinoza, Antonopoulou & Andersson,

BSk20-SFB

P PRI B |

Log T (K)

|
\ 1
— = !

|
1‘ SFB
|
i
|

CCDK| G|P5F

| | H

i L L L
0.03 0.06 0.09 0.12 0.15 0.18

n, (fm=2)

MSH
|

G=21.<A> (%)

41 /21 MODE Workshop 2016 Meudon - May 19, 2016



Conclusion

Influence of general relativity

EoS -

- EoSb = / » polytropic EoSs

-

=~ 10" > compactness parameter:
=

2.

e 0.5 _ G Mg

| =_ 26
& 102 el e Reeqc?

- // 0.4 v

03 NB: for NSs, = ~ 0.2
0.16 0.18 0.20 0.22
1072 .
0.001 0.01 0.1 1

-
5
[l

— rise time longer within the general relativistic framework.
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