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1. Introduction

1-1. Discovery of NSs
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Observation of a Rapidly Pulsating Radfo Source

by

S. J. BELL

J. D. H. PILKINGTON
P. F. SCOTT

R. A. COLLINS

Mullard Radio Astronomy Observatory,
Cavendish Laboratory, .
University of Cambridge

Ix July ’ggz, a largo radio telescope operating at & fre-
quency of 81:5 MHz was brought into use at the Mullard
Radio Astronomy Observatory. This instrument was
designed to investigate the angular structure of compact
radio sources by observing the scintillation caused by
the irregular structure of the interplanctary medium!,
The initial survey includes the whole sky in the declination
range —08°<8<44° and this area is scannod onco o
week. A large fraction of the sky is thus under regular
surveillance. Soon after tho instrumeént was brought into
operation it was noticed that signals which appoared at
first to be weak sporadic interferenco wero repeatodly
observed at o fixed declination and right ascension; this
result showed that tho source could not be terrestrial in
origin,

Systematio invcstigations were started in Ngxgn“bg;
and high speed rccogds showed that tho signals, whon
present, consisted of a series of pulses each lasting 2 0:3.8

and ‘with o repetition period of about 1:337 s which was
foon found to be muointained with oxtremo accuracy.

Further observations have shown that quqmm_u
sonstant to better than lgm't. in 107 although thero is o
systematic variation which can bo aseribed :.o tho orbl.t.n!

Unusual signals from pulsating radio sources have been recorded at

the Mullard Radio Astronomy Observatory. Theradlation seems to

~ come from local ob!ects within t.léi EEE: E, EE may be assocjated
. ]

of three others having remarkably similar propertios
which suggests that this typo of sourco may be relatively
common at a low flux density. A tentative oxplanation
of theso unusual sources in terms of tho stablo oscillations
of whito dwarf or noutron stars is proposed.

Position and Flux Density

The aerial consists of & rectangular array containing
2,048 full-wave dipoles arranged in sixteen rows of 128
elements. Each row is 470 m long in an IB.-W. direction
and tho N.-S. oxtont of tho array is 46 m. Phaso-scanning
is omployed to direct the reception pattorn in declination
and four recoivers aro usod so that four differont doclina-
tions may be observed simultanecously. Phaso-switchin
rocoivers aro omployod and the two halves of tho aoria
aro combined as an E.-W. intorforomoter. Each row of
dipole elements ia backed by a ‘tilted reflecting sereon so
that maximum sensitivity is obtained at o declination of
approximatoly - 30°, tho overall sonsitivity being 1oduced
by more than ono-half when tho beam ‘s scanned to
declinations abovo + 90° and below —5° Tho boamwidth
of tho'arrny to half intensity is .bout - $° in right iscon-
sion um! +3° in doclinntion; tho phasing arrangomont s

NIV —F B D3 (Nature, 217 (1968) 709)



Most compact R .;.muz ¢Mz0, vecdd

. 2
object? iy 2Gf§7ﬂ( :
| , ‘ ' -?&inrs 3- ‘Zﬁ—m ('—

[ f;m ; o m@mmmz

O.Sjmzo.leo m,  L7xI0° Ky

*”‘ R( )5/220xl0m =71 Km
‘%M-Eg’:zmo (Mo-APEHE

. ZOxID”ka
- M
BH A = = 28]

[1 Self-bound system
'|‘"100_2 absence 71057
| | A
unclei NSs




Wit 3E ETIV - TOV 38X +FOS

P+dP (ch <0)>
~F :
| z %—’- f(r»‘}n:fﬁr

~-dP4TY =

o ik oo G M S0
- aY Y?

| ° M(r>=Jr4nrzf(r)dr
t?tyﬂ#f*ﬂiﬂ;
o P=fep> :PPAE
(or. P: j‘zaE E-PAES

i * ] if;\ (fzuat»m of State)
2“70» EOS

—— R I 5T
TOv:| 4P__ GIMLPY Y} Porot Pet}
v Y = Y?{1-26M(r/c2x}




Composition and EOS
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1-2. Profile and structure of NSs

Structure of Ny Lottice of Nucle’
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Mass (1~2) Mg
Radius (10~20)Km
Temperature ~10° K(surface),
~108 K(internal)
Pressure (10%°~1031)
atm (center)
Density =~ ~10° g/cc(surface),
~10'> g/cc(center)
(5.5g/cc for earth, 1.4g/cc for sun)




1-3. Characteristics of nuclear force

- Non-central character (Spin-orbit V, ¢ , Tensor V;)

V(,2) =V:(1,2)+V,s(r)LS + V;(1r)S;,

512 = 3(017)(0,7) — 6,0,

2

1f 3 3 \eHr
OPE _ 2
VT (1,2) - §Emnc (Tltz) X (1 + ur + (‘ur)B) ur S]_z
2
(n="2¢=070fm™t, L =0.08

h
myc? = 140 MeV)

hc

OPEP —  OBEP

N N i) m o, p, W
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1-4. Nucleon Matter

O single-particile w.f. ¢, = % e X
O B.C.—0(x, y, 2)=@(x+L, y, 2)=¢(x, y+L, 2)=9(x, y, z+L)
Q=1L’

ke="ny, ky="Tny, k, ="Tn,;ne=0,%1,42,

O level density in k-space

QO QO
(2n)3d3k —SN=2 (M)g{g?’k

dn =2



Neutron Matter

O Density: p=— —fd kokzdkéL 37:2

()3

1 1
— kp = 3n?p)z = (3m2py)z(p/po)'/® =1.71(p/po)*/? fm™*

O Fermi energy (kinetic):

h? =
Ep = kg /2m = 3 (3m%po)3(p/po)*/* =60(p/po)*/* MeV

_> == ) ) ) e Or == ) ) ) .
Er = 60,95,125,240 MeV for p/p, = 1,2,3,8

O Average K. E.

_1, A kohzkzkzdk 10 n 1k c
(2m)3 no 2m " mg2N2m5 F

1 1ket B2 2 _3nlplp 3

n2p 5 2m F 7 nm2p Er =5Er



Fermi gas (FG) phase and Non-central force

V(l, 2) = VC (T) + VL.S'LS + VT(T)Slz
S12 = 3(0,7)(0,7) — (6,0)
e.g. Neutron Matter and Born (15t order) Term:

e =47 ) D4y (1) ) Yigm, (P *1m, (P)

L=0

<V(1,2)>pc= %ZSEC Y. [Xr=0dd Zfi%q(zf +1) < p|VLL]1 ('r)|p >

) —even(2L +1) < p|VLL]O(T)|p >,
Where
<p|Vi @ p >=["r? drj,(eHVi* @) ; p = Ip1—p2l/2,

VS5 = Y | 4V sy, (L DV L2 Vi, (1,2)

spin

Spin-angular part w.f.
YLS]m](lr 2) = Z C(LSmLmS Umj)YLmL (f)XSmS(l» 2)

m5+mL=m]



Note, J=L+1 J=L J=L-1

! ! !
2L 2(L+1
W =G 2 a2y e
=0 L L~ D) Vi)

Therefore, Xitl (2] +1) <p|v,/ (0)|p >=0

O Effects of non-central force vanish for each partial-wave state

GERILD AR ZRSETLESH)
O G-matrixeg. : G=V + VIV +VIVIV +———=V +V - 2G;Gp = V¥

+ rrrreeeas ladder diagrams

Correlation: ¥ = ¢ + %VLP [2&2T ¢ - W ELGH-THKXREE
EHIRL



L1 E/A for Symmetric Nuclear Matter *
---partial-wave state contribution---

o (In MeV)
H-T |0BEP-K| OPEG [Rid SC [ Reid HC
So | 459 | -16.2 | /2.2 | ~/5.87 | ~I5.06
35 1 /5.8 | -23.3 | </% | <1499 | -14.08
Pl 3.2 4.2 3.8 2.39 | 3.3#
(IR |-30 |-35 | 31 | -330 | -3.96
{ Pl 98 | 103 2.7 9.93 | 10.59

Bl -62 | -62 | -58 | -700 | -483

‘o, | 22 | -23 | 22 | -a47 | -2.48
Bl k2 L | L2 4% | /.29
n | 2.1 -3.5 | 3.1 | -419 | -443
D R 0.5 0.2 | -0.89 | -0.69
bade D | =225 | 07> | 09> | 0.49 | 0.47
\Petad -31.9 | -384 | -349 | -3378 |-3/.78
ke | 23.85 | 23,85 | 23.85 | 2335 | 2335
-BE.| -%0 | <47 |=/o | -%23 | -293

Contribution from non-central forces almost cancels out for each

partial-wave state

*Y. Akaishi & S. Nagata. P.T.P. Suppl. Extra Number (1968), 476.



2. Nucleon Superfluidities



2. Nucleon Superfluidity

2-1. History and 3P, —superfluid

1957: BCS-Bogoliubov Theory
1958: Application to nuclei
(Bhor-Mottelson-Pines)
— symmetric nuclear matter (N=2)
1959: Possibility of superfluidity of neutron matter in the core of NS
by A.B. Migdal
1967: Discovery of NS

1970: o New-type superfluid (3P,; J=2); not 15,
by R. Tamagaki (‘70) ;
Hofferberg-Glassgold-Richardson-Ruderman (‘70)
o Non-zero Ang.-Mom. Pairing Theory
R. Tamagaki (‘70), T. Takatsuka (72)
o Realistic results by Takatsuka (72, ‘73)
1972: Obserbation of triplet-P state superfluid in He system
1990~ Renewed Interests < Glitches, NS cooling
(many works on 3P,; 1S, —superfluids in NSs)



7 = 1 Phase shift in Degrees

3 OPEG-1 Potential -
Most attractive pair-state:

1S, (usual type) in crust region

3P, (new type) in core region

Enn™® = 2Eyy*™ = 4Ep

Er = 60(p/po)** MeV

po = 0.17 nucleons/fm?
~2.8x 10" g/cc

25 50 75 100 125 150
crust core .-




2-2. Outline of BCS-Bogoliubov Theory
BCS Theory |(variational method)*

Model Hamiltonian: Hg:s = Hy + Hpqir

Hy = Y & (C*1nCrr + C*_ 1 C_py); & = & — &F (2.2),

1 '
Hpair = Xk 5 < K VIk > C¥jer O, C_gey Cper

Variational w.f.: | W>p 5= I} (ug + v C*1 C*_1) 10 >

2
6uk

(2.6), (2.7") — w2 = %(1 +

2 —

W + v 2 =

< W|Hpes|¥Y >pes= 0 — 28 wvy = —%(ukz —v?) X <KV k > upvy
A= ==Y < KIVIk > wevp
28 vy = (up” — i)y

by 1 &
k , vk2 — E 1 — k
,:‘:‘k'z-{-AkZ §k2+Ak2

(2.9), (2.8) > Ay = =T <KV k> Ak-/Z\/a’k-z + A2
V: central only — < K'|V|k > = 4n [ r2drj,(K'r)V (1Sy)jo(kr) = 41 < K'|V(*So) |k >

BCS gap eg. (1S, —type)

A

k™

1

[K?dk < EWV(ESy)| k > Ak-/\/é'k-z + Ap?

*) J. Barden, L.N. Cooper and J.R. Schrieffer, Phys. Rev. 108 (1957) 1105

(2.11)



Bogoliubov Theory | (quasiparticle method)*

Bogoliubov trans.: ay = UCit — VikC* iy, ag1= UpC_py + VieC*n (2.12)
Ul + V> =1 (2.13)

Inverse trans.: Cy; = Ugago + Vittr »  C*_py = Upapy — Vi@po , tc. (2.14)
Rewrite Hps: Hpcs = Hoo + Hyq + Hy + Hpigner (2.15)
Hoo = 2 Sk &cVie” + = Shae < K V1K > U VieUpVie (2.16)

~ 1 ,
Hir = Li[2& (U = Vii") = 5 X < KIVIk > 20Uk VieUpVil] X (@ ko@ko + a* jraps) — (2.17)
9 1 ,
Hyo = X [ZSkUka +3 (U* =) S <KVIk > Uk’Vk’] X (@ poaps + A praro)  (2.18)
Hpigher = {*a*a*a®, a*o*o*a, a*o*aa, a*aoa, oaaoo} (2.19)
Dangerous term H,, = 0 — the same gap eg. as in BCS.

Bogoliubov vaccum | W>5 : quasiparticle vaccum
a|W>,=0 (2.20)

Hy = Zk,i,fsz + A’ a*pia (2.21)

Excitation energy
*) N.N. bogoliubov, Sov. Phys. —JETP 7 (1958) 41.




Difinition of Unitary Operator:

So = =i Xy Ok (b*) — by)

*r=C*nC*_r, (pair operator)
Us Vi
| Il

—So = cos @, Cir — sind, C*_
k Ckr kC* kL

Ao = e"oC* e

A = e"50C_p e 7550 = cosOy, C_py + sinBxC*pr

(e5Qe™ = Q + [iS, Q1 +[iS, [iS,QI] + -~ )

|LIJ >BCs= ei50|q1 >p= Hk(COSHk + SinHkC*kTC*_kl)|O >
Therefore, putting Uy, = uy, Vi = vy,

Two theories are equvalent.

*) K. Yoshida, Phys. Rev. 111 (1958) 1255.

Yoshida | — equivalence of two theories*

(2.22)
(2.23)

(2.24)

(2.25)



2-3. Theory of Non-zero Angular-Momentum Pairing

3P, + (3F,)-pairing — Extend BCS-Bogoliubov Theory (J=0 pairing)
T — Partial wave representation
(S=1, L=1, J=2)

Generalized BCS-Bogoliubov Theory *

[J Generalization of pair operator :  b*, = C*1C*_p,

1 11 " -
- b*ALmJ (k) = 520102(55 0103|Smg)(SLmgm, [Jm;) X fdeLmL (k) C*k,C¥ ko,

A=(S, J) (3.1)

[0 BCS Hamiltonian :  Hpcs = Hy + Hygir (3.2)
Ho = Xp & (C*1nCrr + C* ju Cpt) 5 Ex = & — & (3.3)

Hyair = S S < KIVI k> b*by (3.4)

— Ho = Yo & C* ko Cko (3.5)

41)? N ) ’ )
Hpair® = U2 500 Si S OF 4 < KIVEH K > Sy b0, (KD bam, (k) (3.6)

— inclusion of 3P, — 3F, tensor coupling

*) R. Tamagaki, Prog. Theor. Phys. 44 (1970) 905.
T. Takatsuka, Prog. Theor. Phys. 48 (1972) 1517.



[1 Extended Bogoliubov Transformation :

So == ) O(b* = bi)
k

- Sp=—1 ZLm] Zk{‘pALm] (k)b*ALm] (k) — QD*ALm] (k)bALm] (k)} (3.7)
quasiparticle op. a*, = e'S1C*,e 52, etc. (3.8)
ko C*kr
at., = x
k (a*kl) ’ k (C*kl)

[JRewrite Hp-s by a*, a and dangerous term H,, = 0 — gap eg. for A-pairing
[ Finally
A(K) = —% [K2dk < K|V (1So) |k > A(K)/ \/5,{,2 + A2(k’) (BCS 1S, —gap equation) =

1 — ) ) ~N ] — ) ! ’
A}{Lm](k) = _;(_)1 ka de ZL’(")L L <k |V/'1LL|k > ZL“ Zm’] A/’lL’m’](k)

X [dE'T, [GA*L-mj (k) Garrm, (k’)] /Jgk,z + D, %(k) (3.10)
D/’l(k,) = %ZL’L Zm’]m] A*ALm] (k,)AAL”m’] (k,)Tr [GTALm] (E,)GL’m’] (i‘;,)] (311)
GALm](i‘E,) ={(1/2 1/20'10'2|5ms)(SLmsmLUm])YLm]—mS(E)} (3.12)

. (2% 2) matrix in spin-space

™ generalized gap eg. for A=(S, J)-pairing



O for A=1S, —pairing, A(k) = Ay (k)//8m = usual BCS case.

[] Transformed Hamiltonian :

0

Hgcs = Hyg +Hyq1 + lelo + higher order O(%)

Hoo = Xl (1 - é'k/Jé'kz +D;%(k)) — Df(k)/z\/ékz +D3°(k) ]

Hiy = 545, 8+ Di% () g,

[1 Angular averaged gap function :
Dy (k) = [ [ dk D;* (k)]V/?
[1 Energy shift:

~ 1 = 2
AE = Hyo — 2 Zk(<k}:‘) €k = _ENFDA (kr) ;
Nr = 3N/4Eg
(level density at the Fermi energy Er)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)



2-4. Superfluidity in NSs
Three elements In gap equations

O Here we note the 3-elements (Fermi momentum
k™, effective mass m® and pairing interaction) to
control the eneray oap.

Ag ck>= -—k AR ¢K 1 V5¢'S,> 1R
ABCkD
,[85 <k’+Ap(k">
£B<k)— Eg(k) Eg (REpD
""ﬁ (k' = kf.s)/zmg

#) For 3P2 NN pairing, the situation is similar, although the gap
equation becomes complex due to the 3P2-3F2 tensor-coupling.



[] Structure of NS-crust *

U 30, 7 i
lo i 1 i | I—

ik ° 20 40 60 80 100

il R15,=3.4x0°

ME /*“(,.éﬁ“ dh /TN Btz
o 150 o
EM | 515, =2.8x10 !

e e |
"EM BIf,=46x10"

- O ttm—

o Approximating nuclei as n-rich nuclear matter with asymmetry a :
X = ppn/pan(in nuclei) and p,;(n-gass) are given then taking

_ -3 _1-x * * *
pan = 0.1fm™ — ppy, PpN, PnG and a= 14x = MTyn, MpN, Ming

*) J.W. Negele and D. Vautherin, Nucl. Phys. 48 (1993) 298.



L1 Energy gap for the composition in NS crust

. pfpo p,u;(fm”a) X A R\r(fm) IaTe M ARC(MGV) A!M'-‘(Mev)
2.4 %1078 0.7%10°" 0.53 200 5.2 1.00 0.71 0.17(0.17) 0.02(0.08)
3.5x10"? 2.6x10™ 0.53 230 5.3 1.00 0.71 0.37(0.36) 0.02(0.08)
5.2x10"2 4.8%10™ 0.53 320 0.4 1.00 0.71 0.57(0.56) 0.02(0.08)
9.4 %107 1.2x10°? (.52 500 5.6 1.00 0.72 1.02(0.99) 0.03(0.08)
2:2%107F | 13i0%10™? 0.46 950 6.0 1.00 0.73 1.68(1.63) 0.06(0.15)
34%107% | 4.7x10°° 0.45 1100 6.2 0.99 0.73 2.01(1.95) 0.07(0.16)
5.2X 1072 7.8X107° 0.44 1350 6.4 0.98 0.73 2.38(2.31) 0.07(0.17)
1.2%107! 1.8%x10°2 0.35 1800 6.7 0.96 0.76 2.66(2.59) 0.17(0.31)
2.0%10 3.1x10°2 0.32 - 1645 6.8 0.95 0.76 2.33(2.28) 0.22(0.36)
2.8%10"! 44X107° 0.28 1500 6.8 0.94 0.77 1.79(1.75) 0.28(0.44)
3.6x107! 5.7 X 1072 0.23 1236 . 6.8 0.93 0.79 1.10(1.14) 0.37(0.53)
4.6%x10"" 7.4%10? 0.16 982 6.7 0.91 0.81 0.45(0.50) 0.46(0.64)

Energy gaps (A,;, A,y) are for the 1S, pairing interaction by RSC
(OPEG-1) potential.



Vortex Pinning by Lattice Nuclel
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o Energy difference by pirming :
3,2 &
gain > ‘ﬁ;&v%Anﬁ'/ FF‘W) o
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B Fon, AP Amefos
Ep?'n=%vc_‘ ;Erlzu+ L:;PJ; - E;‘:;) )

T=2nRi for $>Ru
_4.p3 2,02 3 1 <Ry
= 2R3 [1- a-37R>" 1 for 3
o When Epp <O, pimming 0Ccurs




Pinning energy E,, in NS-crust versus density p
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Single particle potential U(k) for n and p

in the liquid core of NSs

(G-matrix calculations with OPEG-1 potential).
m*, (m*,) is the effective mass parameter for n (p).

p{10Yg/cc) em(MeV) UnlEYMeV); £ in fm™! mn
2.4 54 —35.0 exp(—0.164%) —12.0 exp(—0.10&%)  0.82
4.0 76 —41.0 exp(—0.154%)—29.0 exp(—0.10%%)  0.78
5.5 94 —8.6 exp(—0.16%%) 0.75
7.9 120 20.0 exp(—0.704 £%) —123.0 exp(—0.215%4%)  0.70
o(10"g/cc) erp{MeV) Uy(£)(MeV); £ in fm™ mk
2.4 b.4 —82.80 exp(—0.13%%) 0.67
4.0 0.4 —100.0 exp( —0.15£%) —11.5 exp(—0.124%)  0.67
6.5 18.0 —104.0 exp{ —0.15%%) — 30.0 exp(— 0.20£%)  0.53
7.9 23:9 —125.0 exp( —0.154%)—17.3 exp( —0.20£%) (.53




Critical temperature T, for NS constituents
(left panel) and multiphase structure of NSs

(right panel).
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L1 n-p Pairing in symmetric nuclear matter *
(35, + 3D,) — coupled gap equation

A35| -)As , A’D‘l_)AD

AS (k)=- ,{-ﬁiﬁ RZH'V;S‘I»{ASM f®r+dp o §eod}/Etry
33 JRARKIT 0 Jak A ko geor+ A O hmb/Ech,

A (1>
A (Ry=5] Kk <Ky Vo] k)jdﬁ'{As (Bfo>+Ap (K §¢03}/ECk
- 3 KR <RIV 1R aie{As K303+ 4o (Ko heo}Eeks,

(2
- f(8Y=1/4Tr, '
{ 9(0) = -J2(3c0s6'~ 18T, (3)
h(@)=(3cs’0+1)/8T, |
ERY=JVEK)+ DiR) “4

o fD:<‘k'>=47t[ Aitk’)f(enA?Asdz’iA, (lz’)g(e)mf,déh(e)_} (5>

*) T. Takatsuka and R. Tamagaki; Prog. Theor. Phys. Suppl. 112 (1993) 27.



Gap functions in for 3S; — 3D, pairing (left)
and corresponding energy gaps (right).

gop function
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2-5. Relevance to NS phenomena

Pulsar glitch

Sudden speed-up and macroscopic relaxation time

)] .

300& fit -

Crab Vela
Age (yr) 103 ~10*
Q(rad/s) 188.5 70.4
AQ,/Q ~1078 ~107°
T ~days a month~a year
Q ~0.9 <0.05
tg(yr) (4-5) (2-3)

|Q|(s72) 24x107° 9.8x107!!

Dctr= s+ aprae™s (1=a31

Vela — 15 times, Crab — 8 (14) times

Macroscopic T — evidence for the existence of superfluid

Q — Internal structure (superfluid portion)

Q~0.9 = necessity of superfluid also in NS cores — P, — superfluid



Starquake Model *

o Two- cmrnmt : st n-Sufcvﬂu:d I, dlnm
- 2nd.> othexrs (Crust + normal +
Charged particles ) : Le »dbs

e N : 'S, -super
: Ip, -supe .
b ,?'. -Sul;e:'> coexist
/

20d. 5O =—a—-1.(0-Q,)/T,

5.0,

_! c(Q—Qp)
Tc

(D) = Q" (6) + (AQ)[Qe T + (1 — Q)]
r=2 I =l 41, Q=1y/l

Al/1=-(AQ) ,/Q=-(1-Q)AQ,/Q

1t > I, Q

[1 Scenario:
Slowing down of rotation (2 < 0) —
Accumulation of stress in the crust

— exceeds
A certain critical value, a crack

Ooccurs

(AI<0)

— by ang. Momentum cons.
AL= IAQ+AIQ=0

sudden speed up AQ----- Glitch
— because of the existence of
superfluid, macroscopic time is
necessary for the star to corotate
as a whole

B‘?’“‘Mh’m oj' T‘lmcroscor:c -

o N=normal, p=norma] — ~|o sec. (nfsccﬂ)

<

N = super ,

N = normal,

n= s»nrer )

penorml —  ~i6 T 165~ 10 sec
/s
psSuper —> ~lo" ec ('nlaaneh’c int.)

y-surer —> Alp ',lo ...uo"sec

oK

*) G. Baym, C.J. Pethick, D. Pines and M. Ruderman, Nature 224 (1969) 872.
D. Pines, J. Shaham and M. Ruderman, Nature Phys. Sci. 27 (1972) 83.




Vortex Creep Model *

[1 Scenario (original “pin-unpin
— thermal creep):

NS-spin down= Crust-spindown

— QOutward motion of vortex lines
(I -1)

— Captured in Pin. Region

— Qq(super)>Q(crust)

— when unpinning force
(=Magnus Force: finagnus)
exceeds the pinning force fy,
catastrophic unpinning occurs

— transfer excess angular

momentum of superfluid to crust,

which is the Glitch

P, (1

cyust
Jattice nuclei

o N=LxMy : x=h/omy,
J(pm = E{’l%/ab 5 Q'=k,, or 3, b= fattice quc:i’ng
: fmagnus*ﬁ pmxw 3 W = LA - L mismatch
ko )cpvn Jcmﬁnus_’Wcr) t3~wCr/lﬂ|

y Tyt Wer = Tz (401 5 Tpia /= IF.M/L- adl.
Pmg. mem, Consv. (T Ic+Ipnm'-='Ic

*) D. Pines, J. Shaham, M.A. Alper and P.W. Anderson, Prog. Theor. Phys. Suppl. 69

(1980) 376.

M.A. Alper; P.W. Anderson, D. Pines and J. Shaham, Ap. J. 249 (1981) L29.



Problems

1 Cam umrimiﬁa occur ?
ta "wc,,/lfl.l = to Wcr/.ﬂa 5 to :ﬂ/lf‘ll

Tty (Yr>  Ju(rad/s) T, (Yr)

Tela:  2-4 70 2.3x10%

. Crob: 3-1 (89 2.5710°
Obs. Wey ~ c6-|a>x,o” rad/s ‘j'.r Tela
~ (a-g2xp” o for Crab

Cole Wy = Epim /CAbPXVyiad ~ (24 =2) vad/s.

> o oucrcpﬂ“e .Hn': Jefect, t}re/
mtyoduced * Surer weak pimming
region, a;Sumima the “"'Pi"""""’a
event 4o occyring by * thermal
Cmcij;ati on .

——— .Fim-yﬂriﬂ rllysn’cs becomes obSC!&Y.C

- Wey is 7ot Calculal’)e.




2) kit Possiue for u?tp‘mmmélto occuy
| 4 Y
gatastro:biggllx ¢
M=t x Ny o X=h/zm,
vovtexline spacing p=1/Iny

5-¢
Vela___ Cveb il g
Ny CFm™>  T0x1077%  19x107 2! = hard to expect

2 (tm 380" .3%10" .
b (a) 7,,: 30 2.,?:'300 collective effect

Obs.» unpinaing of 10" voxtex Qinea sionulfamous!/

3) Cam Tpim/T be comsistent with Ng-model ?
Tpim Wer = Ic 44, =T adlo
Iy:«/I = Ale/Wer =%l’ %’
~ Q=400 % for Tela € Too Large?

~ (4-10) %lo-b j’or Cvab

4) Unitied explangtion ;}or Vela and Crab ?

(IF"“/I%r;b /cIrh/I)Velg ~|°.4
—— dijferent mechanism ?

5> How about @(~0.7‘}0rCraL, £0.0§ }orVe,a)




Pinning region and the potion
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Questions:
O What is the order parameter for 3P2 - superfluid ?
-Energy gap , but with angle —dependence like He-3 case
- As a “wave function” order parameter introduced by
Ginzburg-Landau, distribution function of Cooper pair.
O What symmetry is broken ?
Rotational symmetry --- formation of vortex

- Gage symmetry --- Coherent state of Cooper pair,
as a bulk state of the system



