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1. Neutron 3P, superfluio

Neutron °P, superfluid

outer crust 0.3-0.5 km
ions, electrons

inner crust 1-2 km
electrons, neutrons, nuclei

outer core ~ 9 km
neutron-proton Fermi liquid

few % electron Fermi gas

inner core 0-3 km
quark gluon plasma?

wikipedia
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1. Neutron 3P, superfluid

Neutron-neutron (NN) interaction

2541

S: total spin
L: angular momentum
J: total (L+3)

Takatsuka, Tamagaki, PTP Suppl. 112, 27 (1993)
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1. Neutron °P, superfluid

Neutron-neutron (NN) interaction

2541

S: total spin

J: total (L+3)

L: angular momentum

Takatsuka, Tamagaki, PTP Suppl. 112, 27 (1993)

T=1 PHASE SHIFTS IN DEGREES

OPEG
POTENTIAL

ot

©

‘

j e  — N 1 {
100 200 300 40C

spin 1/2
neutron

spin-orbit int. (attraction)

| 3P, Cooper pair
spin-triplet

spinl/2

fe

Normal
Nuclear
Matter

(2]

R

| |‘1'I S A D N PSS R N
25 50 75 100 125 150

high densiiy'.

0




1. Neutron °P, superfluid
spin-triplet

Tabakin (1968), Hoffenberg, Glassgold, Richardson, . >pin ] /2
Ruderman (1970), Tamagaki (1970), Takatsuka, Tamagaki 3 Spin 1/2 neutron
(1971), Takatsuka (1972), ... 2 neutron
Sx Sy Sz Cooper pair
Order parameter
(heutron-neutron condensate) (& O O qx
Alt,x) = A 0 —(1+7) 0 |9
) Y
symmetric O O 1 qz spin x momentum

traceless-tensor



1. Neutron °P, superfluid
spin-triplet
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Ruderman (1970), Tamagaki (1970), Takatsuka, Tamagaki 3 Spin 1/2
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neutron

spinl/2
neutron

S S, S,
T 0 0 qx
Alt,e) =Ao | O —(1+r) O |9,
0

Cooper pair
Order parameter

(neutron-neutron condensate)

symmetric

O 1 spin x momentum
fraceless-tensor qz P
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1. Neutron °P, superfluid
spin-triplet

spinl/2
neutron

spin 1/2
neutron

Ruderman (1970), Tamagaki (1970), Takatsuka, Tamagaki

Tabakin (1968), Hoffenberg, Glassgold, Richardson, 3
(1971), Takatsuka (1972), ... P 2

Sx S S Cooper pair

Order parameter Y £
(neu’rron—neLlJC’r)ron condensate) T O O qx
Alt,e) =Ao | O —(1+r) O |9,
symmetric O O 1 qz spin x momentum

fraceless-tensor

/ Internal parameter: —] < 9 < —1/2 \

D, D,

Phase H G/H o T > T3 T
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1. Neutron °P, superfluid
spin-triplet

, . spinl/2
Tabakin (1968), Hoffenberg, Glassgold, Richardson, .
Ruderman (1970), Tamagaki (1970), Takatsuka, Tamagaki 3 Spin 1/2 neutron
(1971), Takatsuka (1972), ... 2 neutron
Sx Sy S; Cooper pair
Order parameter
(neutron-neutron condensate) r O O qx

Alt,e) =Ao | O —(1+r) O |9,

symmetric 0 O
fraceless-tensor

/ Internal parameter: —] < 9 < —1/2 \

D4,_— DQ O (2)

1 qz spin X momentum

D,-BN: D, biaxial nematic  D,-BN: D, biaoxial nematic ~ UN: uniaxial nematic
(r=-1) (-1<r<-1/2) (r=-1/2)

Quantized vortex: K. Masuda M. Nitta, PRC?3, 035804 (2016)
Gapless Majorana fermions: T. Mizushima, K. Masuda, M. Nitta, PRB95, 140503 (2017)

To o I o Soliton on vortex: C. Chatterjee, M. Haberichter, M. Nitta, PRC96, 055807 (2017)
\ Half-quantized non-Abelian vortex: K. Masuda, M. Nitta, PTEP2020, 013D01 (2020)

Y. Masaki, T. Mizushima, M. Nitta, arXiv:2107.02448 [cond-mat.supr-con] 11
and more ...
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2. Various phases of Neutron 3P, superfluid

Bogoliubov-de Gennes (BAG) theory
spin-triplet

_ e(k) io -d(k)os \
« (k)—(iaza.d*(—k) —8T(—k)) ®

0.12 Cooper pair
ng nefdr First order T. Mizushima, K. Masuda,

M. Nitta, Phys. Rev. B95,
140503(R) (2017)

<
[E—
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<
-
0

Second
order

Magnetic field
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Neutron Star
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2. Various phases of Neutron 3P, superfluid
Ginzburg-Landau (GL) theory

(A: condensate, B: magnetic field)
Tabakin (1968), Hoffenberg, Glassgold, Richardson, Ruderman (1970), Tamagaki (1970), Takatsuka, Tamagaki (1971), Takatsuka (1972), .

A~ S°VPy
f=A2+A%+A+AS+B2A2+B*A2+B?A%+...

v Loop expansion for neutrons

A8
* Critical endpoint
» Global stability

of ground state

S. Yasui, C. Chatterjee,
M. Kobayashi, and M.

A6
SO(5) sym.
resolved

Nitta, Phys. Rev. C100,
N 025204 (2019).
3P, order parameter (A)
B2A2 B*A? B2A%
magnetic magnetic magnetic /
L.O. higher higher
order

order,

S. Yasui, C. Chatterjee, and M. Ni’r’ro,\ Magnetic field (B)
Phys. Rev. C99, 035213 (2019).
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2. Various phases of Neutron 3P, superfluid
Ginzburg-Landau (GL) theory

(A: condensate, B: magnetic field)
Tabakin (1968), Hoffenberg, Glassgold, Richardson, Ruderman (1970), Tamagaki (1970), Takatsuka, Tamagaki (1971), Takatsuka (1972), ...

A~ S°VPy
f=A2+A%+A+AS+B2A2+B*A2+B?A%+...

FIA] = KO (Vai A Vi A + Vi AV 15 A% + Vi 9,54%) - A2 S kinetic term
A2 > L.O. +aO(raa)+89((ram4)’ - (wa?4%) A4 > SO(5) symmetry (pseudo NG boson)
+7(0)(73(trA*A) (tr A?) (tr A*2) + 4(tr A*A)° + 6(tr A*A) (tr A2 A%) 4+ 12(tr A" A) (tr A 447 4) A6 > SO(5) sym. resolved
—6(tr A*?) (tr A A%) — 6(tr A?) (tr A3 A) — 12(tr A*3A%) + 12(tr A*2A%A* A) + 8(tr A*AA*AA*A))

+6(© ((tr A7) (tr A%)? 4 2(tr A2) (tr AY) — 8(tr A™?) (tr A" AA* A) (tr A%) — 8(tr A*?) (tr A*4)* (tr A?) A8
—32(tr A*2) (tr A” A) (tr A* A%) — 32(tr A*2) (tr A* AA* A%) — 16(tr A*2) (tr A* A2A* A2) * Critical endpoint
+2(tr A™) (b A2)% 4 4(tr A (b AY) — 32(tr A5 A) (b A* A) (br A2) » Global stability of ground state
—64(tr A A) (tr A*A®) — 32(tr A AA*A) (tr A%) — 64(tr A AZA*A%) — 64(tr A**A®) (tr A*A)
—64(tr A AA™2A%) — 64(tr A2 AA*A?) (tr A*A) + 16(tr A2 4%)° + 32(tr A*24%) (tr A*A)?
+32(tr A2 A2) (tr A* AA™ A) + 64(tr A2 A% A*2A4%) — 16(tr A2 AA™A) (tr A?) + 8(tr A A)"*
+48(tr A% A)” (tr A AA" A) + 192(tr A A) (tr A AA™ A%) + 64(tr A" A) (tr A" AA"AA* A)
—128(tr AT AA™A®) 4 64(tr AT AAPAATA?) + 24(tr ATAATA)® + 128 (tr AT AATAA™2A?)
+48(tr A"AAAA" A" 4))

B2A2 > L.O.+8®B'a"AB + 8" |B?B'A*AB  B*A2 > magnetic higher order
+v3 (72 B2 (tr A2) (tr A*2) — 4|BJ?(tr A" A)” + 4|BJ? (tr A"AA* A) + 8 |B[*(tr A2 4%) B2 A4 - magnetic higher
+B'A’B(tr A*?) —8 B'A*AB(tr A*A) + B'A**B((tr A*) + 2 B'AA**AB order

12B'A*A’A*B — 8 B'A*AA* AB — 8 BfA*2A2B) 17



2. Various phases of Neutron 3P, superfluid
Ginzburg-Landau (GL) theory

(A: condensate, B: magnetic field) spin-triplet

Phase diagram

Magnetar

0.20 Cooper pair

0.15

b

0.10

Magnetic field

0.05
first order

Neutron star transition "> "

"0.75 0.80 0.85 0.90'\0. 1.00
t UN'Z
Temperature

magnetic field | zero | weak | strong
bulk phase UN | D»,-BN | D4-BN

S. Yasui, C. Chatterjee, M. Kobayashi, and M. Nitta, Phys. Rev. C100, 025204 (2019)
T. Mizushima, S. Yasui and M. Nitta, Phys. Rev. Research 2, 013194 (2020)




2. Various phases of Neutron 3P, superfluid

Possible phenomena in neutron stars/magnetars ...

Half-quantized vortices

Y. Masaki, T. Mizushima, M. Nitta,
arXiv:2107.02448 [cond-mat.supr-con]

Soliton excitations

C. Chatterjee, M. Haberichter, M. Nitta,
PRC96, 055807 (2017)

\

|

..... rH
:.':/‘ \“-*
———— —— ——— >
Domain wall Surface defects
S. Yasui, M. Nitta, PRC101, 015207 (2020) S. Yasui, C. Chatterjee, M. Nitta, PRC101, 025204 (2020)
W}2 in bulk D4~BN phase (t=0.9,b=0.2)
X3
o ° bulk D4~BN phage (t=0.9, b=0.2) 1A,
= = _ - = 17XV NN 172N TN b
10 = == = e | @\*
= %= = Ry 0.2
- = 4 = - =
X20 7,1 = :?—_ "‘E == - 7
% m—— /’/ii 7% A/a\\:\’ : '\/'/' \\ 0.1
- = —— T TN 0
:‘E~ I\ ﬁ\\}f t//"/ B
-5 4 5 6
0
%1 5

... and more!

Vortex networks

G. Marmoni, S. Yasui, M. Nitta,
arXiv:2010/09032 [astro-ph.HE]

1S,-3P, coexistence
S. Yasui, D. Inotani, M. Nitta,
PRC101, 055806 (2020)
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B
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3. Spin polarized phase

"Phase diagram” in Ginzburg-Landau theory
Cf. V. Z. Vulovic, J. A. Sauls, PRD29, 2705 (1984) spin—TripIeT

A B3/ B2 ®

PP
Cooper pair

Taken from . Mizushima, K. Masuda,
M. Nitta, Phys. Rev. B95, 140503(R)
(2017)

/31: /3)2, /33:

coefficients in GL theory

So far we have discussed UN/BN phase.
What's about the other phases ?
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3. Spin polarized phase

3P, order parameter  spin x momentum

Phase O.P. [see Eq. (28)] H R=G/H m1(R) NG #gne [66]
Uniaxial nematic r=-1/2,k=0 o = 0(2) U(1) x RP? Z® Zy [43, 67] 3 2
. . re(-1,-1/2), k=0 D, U(1) x SO(3)/D, Z® Q [43, 67] 4 1
Biaxial nematic F=—1,k=0 D, [U(1) xSOG)|/Dy  Zxp, Df [43,44,65] 4 !
Cyclic r=e2"3 k=0 T [U(1) x SO/T  Zx;, T* [65, 68-70] 3 —
Magnetized re(-1,-1/2), k€ (0,1) 0 SO(3) x U(1) Zo®Z 4 —
biaxial nematic r=-1,k€(0,1) Cy [U(1) x SO(3)]/24 Zxy C, 4 —
. r=-1k=1 U, 20 SO(3) . -20/Z> Z4 (69, 71] 3 —
Ferromagnetic Eq. (26) U(1)/ 10 SO(3).-0/Zs 74 169, 71] 3 _
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3. Spin polarized phase

3P, order parameter  spin x momentum

Phase O.P. [see Eq. (28)] H R=G/H m1(R) NG #gne [66]
Uniaxial nematic r=-1/2,k=0 o = 0(2) U(l) x RP? Z & Zy [43, 67] 3 2
. . re(-1,-1/2),k=0 D, U(1) xSO(3)/D, 7 & Q[43, 67] 4 1
Biaxial nematic F=—1,k=0 D, [U(1) xSOG)|/Dy  Zxp, Df [43,44,65] 4 !
Cyclic r=e2"3 k=0 T [U(1) x SO/T  Zx;, T* [65, 68-70] 3 —
Magnetized re(-1,-1/2), ke (0,1) 0 SO(3) x U(1) Zy®Z 4 —
biaxial nematic r=-1,k€(0,1) Cy [U(1) x SO(3)]/24 Zxy C, 4 —
. r=—1Lxk=1 U(D . 120 SO0(3) /. 20/Z2 74 169, 71] 3 —
Ferromagnetic Eq. (26) U)jso  SOG)s.-o/Z) Zy 169, 71] 30—

Magnetized biaxial nematic > Ferromagnetic

1 @ O i I i 0
A=Al r 0 AM = A+ -1 0
0 0 -1-r/ 0 0 0/
i i
k€ (0,1) k=1
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3. Spin polarized phase

3P, order parameter  spin x momentum

Phase O.P. [see Eq. (28)] H R=G/H m1(R) NG #gne [66]
Uniaxial nematic r=-1/2,k=0 o = 0(2) U(1) x RP? Z® Zy [43, 67] 3 2
. . re(-1,-1/2),k=0 D, U(1) x SO(3)/D> 7 ® Q[43, 67] 4 1
Biaxial nematic r=—1,k=0 Dy [U(1) xSO(3)]/Dy  Zxj, D [43,44,65] 4 1
Cyclic r=e2"3 k=0 T [U(1) xSO3)/T  ZxpT* [65, 68-70] 3 —
Magnetized re(-1,-1/2), ke (0,1) 0 SO(3) x U(1) Zy®Z 4 —
biaxial nematic r=-1,k€(0,1) Cy [U(1) x SO(3)]/24 Zxy C, 4 —
. r=-1,k=1 U(D . 120 SO(3)/.20/Z2 74 169, 71] 3 —
Ferromagnetic Eq. (26) U)jso  SOG)s.-o/Z) Zy 169, 71] 30—
Magnetized biaxial nematic > Ferromagnetic

1 @ O o I i 0
A=A r 0 AM Al -1 0
AL ui -
0 0

—-1-r/ . O 0 0/ .
i ui

k € (0,1)  x:new parameter k=1

Net average spin of 3P, Cooper pair
Z _ _ 2
(525> = 2k(1 = 1)A?/3
K #0 — spin polarization
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3. Spin polarized phase

What does cause the spin polarization ?

J. A.Sauls, J. W. Serene, PRD17, 1524 (1978)

CD STI’OHQ COUp|Iﬂg effeC'l' V. Z. Vulovic, J. A. Sauls, PRD29, 2705 (1984)

D. N. Voskresensky, PRD101T, 056011 (2020)

@ Violation of particle-hole symmetry

T. Mizushima, D. Inotani, S. Yasui, M. Nitta , arXiv:2108.01256 [nucl-th]
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3. Spin polarized phase

What does cause the spin polarization ?
J. A.Sauls, J. W. Serene, PRD17, 1524 (1978)

CD STrOﬂg COUpliﬂg effeC'l' V. Z. Vulovic, J. A. Sauls, PRD29, 2705 (1984)

D. N. Voskresensky, PRD101, 056011 (2020)

@ Violation of particle-hole symmetry

T. Mizushima, D. Inotani, S. Yasui, M. Nitta , arXiv:2108.01256 [nucl-th]
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3. Spin polarized phase

What does cause the spin polarization ?

J. A.Sauls, J. W. Serene, PRD17, 1524 (1978)

@ Strong coupling effect e s emom zos s
@ Violation of particle-hole symmetry

T. Mizushima, D. Inotani, S. Yasui, M. Nitta , arXiv:2108.01256 [nucl-th]

Fermi momentum (pg) — Fermi momentum (pg) : finite

Sphere

Plane
Momentum
space >
Phase = | —
diagram =
< 0.04 . T. Mizushima, K. Masuda,
M. Nitta, Phys. Rev. B95, .
§ 140503(R) (2017) 29

(C) 00 02 04 06 08 1.0
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A parameter:

K parameter:
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S
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3. Spin polarized phase
Bogoliubov-de Gennes (BAG) theory

1

1%

K

B =02,

1
2

(

1 +«)?
1 + «?

(1-x)?

1 + 2

Fir+

P

7|
= 10+ 0% ~ (1= 0F ],

=0

%

k2
2E,, (k)

Y tanh (

2T

Ea/(k))

Fol@): Landau parameter

Fo(a)

—0.2

T/Teo

T/Teo

T /Teo

Magnetized biaxial-nematic (MBN) and
Ferromagnetic (FM) phase appears!

K

8 | 1.0
6 | | 1F10.8
0.6

4, - g |
N 0.4
2 | 1 jo.2

9 D> BN
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3. Spin polarized phase
Ginzburg-Landau (GL) theory

roiK 0

0O 0 -1-r

FO) =@ + () + 57 (1) mi:ro(ik L0 )
S FM i

0.05

<

o

=
I

| | | UN |
0.8 0.9 1.0
T/TCO

Magnetized biaxial-nematic (MBN) and
Ferromagnetic (FM) phase appears!
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3. Spin polarized phase
Ginzburg-Landau (GL) theory

rooiK 0
0 <4 <2 :
More chance to A :fg( )(T) th ] )(T) * f4(< )(T) fﬂi - l(l)< (1) —10— r )
be observed in FM i
magnetars. 0.05
0.04
E5
e 0.03
q
E‘:‘: 0.02+
0.01+

| | | UN |
0.8 0.9 1.0
T/Teo

Magnetized biaxial-nematic (MBN) and
Ferromagnetic (FM) phase appears!

32



3. Spin polarized phase
Why does the spin polarization appear?

Intuitive understanding...

o Ay w

magnetic T T :I
field
Fermi | _ave > @O - rceled Mcelled
surface Cooper\ ‘./ _— e
pair 11 11
Phase space (1 1) = Phase space (| 1) Phase space (1 1) > Phase space (| 1)

Fermi surface curvature induces the spin polarization!
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4. Conclusion and perspectives
D We study 3P, superfluid in neutron stars.

@ We find magnetized biaxial-nematic (MBN) and
ferromagnetic (FM) phase as a spin polarized phase.
Bogoliubov-de Gennes (BAG) theory Ginzpurg—Londou (GL) ’rhgory

K M ,
{;
O 0,05 T T T ¢ 1,0
2 §os 0.04 0.8
] -
e (6 = 0.03 06 &
&7 £ ~
P 0.4 M -
A ' L 002 04
g &
& ‘Ro.2
) O01- 0.2
0.0 D,-BN
)
0.7 08 09 1.0 1.1 0 0‘8 ; 0‘9UN‘ e 0
T/Two T/Teo

(8% i) = 2K(1 = rA?/3
K #0 — spin polarization

@ MBN/FM phase will exist in neutron stars and magnetars.
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Open Challenge

Phase diagram ?
- Thermodynamic properties

- Transport coefficients (cooling process)
- Other New phases

- Hyperon matter

- Non-uniform phase (FFLO) gl sigiisssme e

Topological objects ?
- Fractionally guantized vortices Eﬁi@ﬁi@%ﬂ%ﬁ’a
- Solifons IN vortices ssxtsiss e v e
- Gapless fermions raimsssse
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V. M. Kaspi and A. M. Beloborodov, M O g n e TG rS

Annual Review of Astronomy and

Astrophysics 55, 261 (2017). Strong magnetic field
B¢ Aged Ee Lx&
NameP P (s) 10 G) (kyr) 10*3 erg s~! Df (kpe) 1033 erg s~! Band"
CXOU J010043.1-721134 8.02 3.9 6.8 1.4 62.4 65 -
4U 0142461 8.69 1.3 68 0.12 3.6 105 OIR/H
SGR 041845729 9.08 0.06 36,000 0.00021 ~2 0.00096 -
SGR 050144516 5.76 1.9 15 1.2 ~2 0.81 OIR/H
SGR 0526—-66 5.6 3.4 2.9 53.6 -
1E 1048.1-5937 3.3 9.0 OIR
(PSR J1119—6127) 4.1 8.4
1547 0 2. 3.2 4.5
4. 2.7 ~9
2. 2.2 11
55216 10. <0.66 .013 3.9
910 11. 4.7 3.8 42
CXOU J171405.7-381031 3. 5.0 ~13 56
SGR J1745-2900 3. 23 10 8.3 <0.11
SGR 1806-20 7. 20 45 8.7 163 OIR/H
XTE J1810-197 5.54 2.1 11 1.8 3.5 0.043 OIR/R
Swift J1822.3-1606 8.44 0.14 6,300 0.0014 1.6 >0.0004 -
SGR 1833-0832 7.56 1.6 34 0.32 - - -

S t ]1834.9-0846 R | . ' . <0.0084 Y
oY Y o | |
o I AW D '

3XMM b ih . 3 20.006 ®
J185246.6+003317

SGR 1900+14 90 H

SGR 193542154 - -

1E 22594586 17 OIR/H

SGR 0755-2933
SGR 1801-23 - - - - - - -
SGR 1808—20 - - - - - - -
AX 71818.8—1559 - - - - - - -
AX 71845.0—0258 6.97 - - - - 2.9 - 41
SGR 2013+34 - - - - - - -




1. Neutron °P, superfluid

3P, most attractive interaction between two neutrons

/ /
P 3 -D
PQ

q=p —p p < spin-orpit inf.
Point-like (LS pOT)

(present study)

neutron P - P neutron

Tensor-type | 1 §ab

condensate | = (s%¢" + s°¢%) — ——s-q

symmetric & traceless 2 3
spin-momentum space (a,b=1,2,3)

Rapid nevutrino cooling ?
Neutron 3P, superfluid — Tolerance to strong magnetic field ?

Property of topological matter?




1. Neutron °P, superfluid
spin-triplet

spinl/2

Tabakin (1968), Hoffenberg, Glassgold, Richardson, .
Ruderman (1970}, Tamagaki (1970), Takatsuka, Tamagaki 3 P spin 1/2 neutron
(1971), Takatsuka (1972), ...

2 neutfron

Sx Sy S Cooper pair

yA
Order parameter
(neu’rron—neLlJC’r)ron condensate) T O O qx
Alt,e) =Ao | O —(1+r) O |9,
symmetric O O 1 qz spin x momentum

fraceless-tensor

/ Internal parameter: —] < 9 < —1/2 \

D, O(2)

D,-BN: D, biaxial nematic  D,-BN: D, biaoxial nematic ~ UN: uniaxial nematic
(r=-1) (-1<r<-1/2) (r=-1/2)

U(l) X SO(3)L_|_S %D4 U(l) X SO(3)L_|_S —)Dg U(l) X SO(B)L+S %(9




D, symmetry: invariance both (i) under n-times rotation around one rotation axis and (ii)
under two-times rotation around the n axes that are perpendicular to the rotation axis in (i).

I, =

D, symmetry [

S O =
o = O
- o O

i\ 1 0\

e

//".' » / o>

A
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D, symmetry: invariance both (i) under n-times rotation around one rotation axis and (ii)
under two-times rotation around the n axes that are perpendicular to the rotation axis in (i).

I, =

S O =
o = O
- o O

D, symmetry [

|

i\ 1 i\

e
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D, symmetry: invariance both (i) under n-times rotation around one rotation axis and (ii)
under two-times rotation around the n axes that are perpendicular to the rotation axis in (i).

D, symmetry

10 0 10 0
L=[ 0 -1 0 L=l 0 1 0
0 0 - 0 0 -1
i\ A A A
//.7’ o /"’
/A
|
0 -1 0 -
IR=| -1 0 0
0 0 -l
A A
,_\ .9»—./ N
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