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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).

1
1,=| 0
0

o = O
- o O

D, symmetry [

i\ i\ i\

S

27



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\ i\ i\

S

—1 0 O _———
L= 0 -1 0
0 0 1

28



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 {1 . 0]

[—100]
L=l 0 -1 0 L=| 0 1 0
0 0 -1 0 0 -1
i\ A A A
//‘70' » /o—>
T
|
(010] _emm
IR=| -1 0 0
0 0 -1
A A
»\ ”»—‘/ >

29



D it P3P, IBREIDIEK

Tabakin (1968), Hoffenberg, Glassgold, Richardson,
Ruderman (1970), Tamagaki (1970), Takatsuka, Tamagaki P 2E1/2 1 hEF
(1971), Takatsuka (1972), ... 2 '|_¢|_¥
S S H—1—xt
TR L5 | .
TR
(ch 7 T A r O 0 \ Ay
A(t,z) =Ao | 0 —(1+r) 0 ]9y
xR FL—RLRBETUVIL 0 0 1 /9, XZJE%J; (S(q Sy qs 2) )
x» Ay, Az

O(2)

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

U(l)XSO(3)L+S%O(2) U(l)XSO(g)L_FsﬁDQ U(l)XSO(B)L+S—>D4
LEDOEHE LSRTUIvIL
\\¥ (ESORREE) S B SRR Sj//




2. PEFSPEEREIDIEX

. . \ AE1/2
Tabakin (1968), Hoffenberg, Glassgold, Richardson,
Ruderman (1970), Tamagaki (1970), Takatsuka, Tamagaki P 2E1/2 1 hEF
(1971), Takatsuka (1972), ... 2 '|_¢|_¥
S S H—13—%¢
TR L5 | .
TR
(ch 7 T A r O 0 \ Ay
Alt, ) =Ao | 0 —(14+7r) 0 |9,
xR FL—RLRBETUVIL 0 0 1 /C REY (50 5y 5))

Z xBYE (qx qy z)

RAEB/NTA—F—: —1 < T < —1/2

o o =

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

Phase H G/H TTo T %) TT3 Ty I_|_\:E'*to—3¥
UN 02) U(1) x [SO@3)/0(2)]

0 z z
D, BN D, U(1) x [SO(3)/D:] 0 7Z®Q 0 z 7,
D, BN D, [U(1) x SO(3)]/ D, 0 Z x;, D} 0 z Z» 31




2. PEFSP, EmEIDIEX

. . AE1/2
Tabakin (1968), Hoffenberg, Glassgold, Richardson,
Ruderman (1970), Tamagaki (1970), Takatsuka, Tamagaki P \ 2E1/2 hEF
(1971), Takatsuka (1972), ... 2 '|_¢|_¥
Sy S, H—i—xt
(ch 7 T A r O 0 \ Ay
Alt, ) =Ao | 0 —(14+7r) 0 |9,
1 /C

¥R L—ALRBETUYVIL 0 AEY (s 5,5,

Z xBYE (qx Qy z)

RER/ NS A—F—: —1 <'r< —1/2

o o =

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

o N Quantized vortex: K. Masuda M. Nitta, PRC93, 035804 (2016)
D “‘ Gapless Majorana fermions: T. Mizushima, K. Masuda, M. Nitta, PRB?5, 140503 (2017)
J1N ) Soliton on vortex: C. Chatterjee, M. Haberichter, M. Nitta, PRC96, 055807 (2017)

y . Half-quantized non-Abelian vortex: K. Masuda, M. Nitta, PTEP202’O 013D01 (2020)
hiEFE=FROTAHILKEK

Y. Masaki, T. Mizushima, M. Nitta, arXiv:2107.02448 [cond-mat.supr-con] 39
and more ...




2. PHEFIPEMEIDIEX
3, Fr R ILI=EFBHE

NIV H =

T I)LIA G

dry (ré . (—iV)(r)

(LSTRT> v IL)

v [an f ArdV W W (W ra W)

Bogoliubov-de Gennes
(BdG) B

F. Tabakin, Single Phys. Rev. 174, 1208 (1968) JzI)LSAY
M. Hoffberg, A. E. Glassgold, R. W. Richardson, M. Ruder

R. Tamagaki, Progress of Theoretical Physics 44, 905 (1970)

T. Takatsuka, R. Tamagaki, Progress of Theoretical Physics 46, 114 (1971)

T. Takatsuka, R. Tamagaki, Prog. Theor. Phys. Suppl. 112, 27 (1993)

M. Baldo, J. Cugnon, A. Lejeune, U. Lombardo, Nucl. Phys. A536, 349 (1992)

O. Elgaroy, L. Engvik, M. Hjorth-Jensen, E. Osnes, Nucl. Phys. A607, 425 (1996)

V. A.Khodel, V. V. Khodel, J. W. Clark, Phys. Rev. Lett. 81, 3828 (1998)

M. Baldo, O. Elgaroey, L. Engvik, M. Hjorth- Jensen, H. J. Schulze, Phys. Rev. C58, 1921 (1998)
V. V. Khodel, V. A. Khodel, J. W. Clark, Nucl. Phys. A679, 827 (2001)

M. V. Zverev, J. W. Clark, V. A. Khodel, Nucl. Phys. A720, 20 (2003)

S. Mauwrizio, J. W. Holt, P. Finelli, Phys. Rev. C90, 044003 (2014)

S. K. Bogner, R. J. Furnstahl, A. Schwenk, Prog. Part. Nucl. Phys. 65, 94 (2010)

S. Srinivas and S. Ramanan, Phys. Rev. C%94, 064303 (2016)

T. Mizushima, K. Masuda, M. Nitta, Phys. Rev. C93, 035804 (2016)

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

T. Mizushima, S. Yasui, M. Nitta, Phys. Rev. Research2, 013194 (2020)

T. Mizushima, S. Yasui, D. Inotani, M. Nitta, Phy. Rev. C104, 045803 (2021)

I J. A.Sauls, D. L. Stein, J. W. Serene, , Phys. Rev. D25, 967 (1982)

I S. Yasui, C. Chatterjee, M. Kobayashi, M. Nitta, Phys. Rev. C100, 025204 (2019)

o<L-S
f(k)—fo(k)——yna Ll A - E{ERA

r—_—_—_—_—_—_—_

[
°
Ginzburg-Landavu I
=A. I
(GL) 5w :
R. W. Richardson, Phys. Rev. D5, 1883 (1972)
J. A. Sauls and J. Serene, Phys. Rev. D17, 1524(1\9787\—/

P. Muzikar, J. A. Sauls, . W. Serene, Phys. Rev. D21, 1494 (1980)

| )

V. Z. Vulovic, J. A. Sauls, Phys. Rev. D29, 2705 (1984)

K. Masuda, M. Nitta, Phys. Rev. C93, 035804 (2016)

K. Masuda and M. Nitta, PTEP2020, 013D01 (2020)

S. Yasui, C. Chatterjee, and M. Nitta, Phys. Rev. C101, 025204 (2020)
S. Yasui, M. Nitta, Phys. Rev. C101, 015207 (2020)

S. Yasui, C. Chatterjee, M. Nitta, Phys. Rev. C99, 035213 (2019)

T. Mizushima, S. Yasui, M. Nitta, Phys. Rev. Research?2, 013194 (2020)

S. Yasui, D. Inotani, M. Nitta, Phys. Rev. C101, 055806 (2020)
T. Mizushima, S. Yasui, D. Inotani, M. Nitta, Phy. Rev. C104, 045803 (2021)



2. PHEFSP am eI DB
Bogoliubov-de Gennes (BAG) i

_ e(k) io -d(k)os
A (k) = (iaza d*(—k) —el(=k)

. 0.12 H—i—xt
77 *9_ _;kj;ﬁ $ﬁ$§ T. Mizushima, K. Masuda,
M. Nitta, Phys. Rev. B95,

0.10

140503(R) (2017)
RREIS (X9 DIt : RIS TEHOP#E

D, BN

(@)}

=< 0.08 BTN CER B . Shid

M RE AT T BTt Tl Do —
oS~ B <SR E SR EALOT
1 £ 0.06 — xieinis B

3

< 0.04

E:l1gti:i:igig 0.02

04 06 08 1.0

T/ T T.o~0.2 MeV

sB
JIL IS 35



2. PEFSP, EmEIDIEX

Ginzburg-Landau (GL) I£5®
(A: TUVIVEESFE L, B: #ii5)

Tabakin (1968), Hoffenberg, Glassgold, Richardson, Ruderman (1970), Tamagaki (1970), Takatsuka, Tamagaki (1971), Takatsuka (1972), ...

Aab~ w SV > w a,b=1,2,3
f=A2+A%+A%+A%+B2A%+B*A2+B?A%+...

vV JILEAY (hEF)IHTHIIL—TRA (B EEI*)L:!F‘—A)a

ZERARR

- KR E S
S. Yasui, C. Chatterjee,
M. Kobayashi, and M.

Nitta, Phys. Rev. C100,
025204 (2019).

3P, FFZE#H (A)
'

A6
SO(5) 5
DN

A4
SO(5)
T FRTE

S. Yasui, C. Chatterjee, and M. Ni’r’ro,\ W35 (B)
Phys. Rev. C99, 035213 (2019).

36



D it P3P, IBREINIEK

Ginzburg-Landau (GL) IB5%
(A: TUVIVEESFE L, B: #ii5)

Tabakin (1968), Hoffenberg, Glassgold, Richardson, Ruderman (1970), Tamagaki (1970), Takatsuka, Tamagaki (1971), Takatsuka (1972), ...

Aab~ w SV > w a,b=1,2,3
f=A2+A%+A%+A%+B2A%+B*A2+B?A%+...

fIA] = K© (inAba*Vm_Aab Vg ATV, A vaja*ijAai) A2 S E@JIE
A2 S L.O. +aO(xaa) + 80 ((tr4°4)" - (r4*24%)) A4 > SOB) A FRE (HENambu—GoldstoneR/>)
+9@ (=3(tr A" 4) (br A7) (tr 4°2) + 4 (tr A°4)" + 6(tr A 4) (10 A24%) +12(tr A°4) (r A" 44*4) - A® > SOG)XFRTEDIEN
~6(tr A%2) (tr A A%) = 6(tr A2) (tr A A) — 12(tr A0 AP) + 12(tr A" AA" A) + 8(tr A" AA" AA" ) )

+6® ((trA*2)2(tr A%)? 4 2(tr A7) (tr A*) — 8(tr A7) (tr A" AA* A) (tr A?) — 8(tr A*2) (tr A*A)* (tr 4%) 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* A2 A* A?) ZEERS
12(tr A% (b A2)% 1 4(tr A) (tr AY) — 32(tr A% A) (tr A° A) (i1 42) - KEBHIREME

—64(tr A A) (tr A*A%) — 32(tr A AA* A) (tr A%) — 64(tr A" A7 A*A%) — 64(tr A A®) (tr A*A)
—64(tr A2 AA?A) — 64(tr AP AAT A?) (tr A*A) + 16(tr A72A%)7 1 32(tr A*2A2) (tr A7 A)
+32(tr A™2A%) (tr A"AA*A) + 64(tr A2 A2 A2 A%) — 16(tr A2 AAA) (tr A%) + 8(tr A A)*
48 (tr A A)? (tr AT AA”A) +192(tr A*A) (tr A*AA™ A?) 4 64(tr A” A) (tr A" AA™AA* A)
—128(tr A*AA™ A%) + 64(tr AT AA AATA%) 4 24(tr A* AATA)° + 128 (tr A" AA* AN A?)
+48(tr A" AATAAAA" ) )
B2A2 > L.O.+8?B'4"aB+ 8" |B?B'A"AB  B4A? - {15 D 5 R1E
+@ (—2 |BJ? (tr A%) (tr A?) — 4| BJ? (tr A*A)” + 4| B[ (tr A"AA*A) + 8 |B*(tr A"24%)  B2A4 > BSOS RIE
+B'A’B(tr A®) —8 B'A*"AB(tr A*A) + B'A”B(tr A>) + 2 B'AA* AB

12B'A*A2A*B — 8 B A*AA*AB — 8BtA*2AQB)

37



2. PHEF3PLERENDIBK

Ginzburg-Landau (GL) IB5%
(A: TUVIVEESFE L, B: #ii5)

X

TRe— 02

0.05
Iirsto_{_der
E:'I‘E;E ransi |on0-o0 '
0.75 0.80 0.85 0.90'\0. 1.00
im E

magnetic field | zero | weak | strong
bulk phase UN | Do-BN | D4s-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)
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r(-1<r<-1/2) C: Ltb# M: R4t

(a) (c) [M(T, B) - MNE?)]/MN(B)
r(B.7) \ (b) [Cv(T, B) — Ox(T)]/Ox(T)
] 1.6
0.7 \ 14
I 120 fi -
0.088 0.8 o
E B4




2. PSP B BN DB
FeSRtEs (o, B, v. O)
4 - A
tt@l’ Cy(T, Bcep) — CV(Tcepa Bcep) o [T — Tcepl “,
m'ﬂ: M(Ta Bcep) o M(Tcepa Bcep) x |T _ Tcepl'Ba
M(Tcepa B) _ M(Tceps Bcep) & |B _ Bcep|1/5a
ZI:”DEZ&'H:% X(Ta Bcep) _X(Tcepa Bcep) X |T _ Tcepl_ya
\_ /

TEERE L BiE REUVREMEE  RE
G B 5
BdG -0.7 041 2.3
-0.4 0.45 2.3
GL 0.49 1.95

r <1
HLLBERE#HOI=/N\—1)T405X




2. PEFSP B8R EI DB
SESFELTYEICH T HERFRIEH
v 6 ”

3dim. o >>0 Yy <1

B n class
1/9 5/6 3-state Potts
5 1 /12 - /6 9 /3 ;:shkin-TeIIer (4-state
otts)
0 1 1 Ordinary percolation
91/5 =18.2 | 4/3 5/24 = 0.20833. .. | Ordinary percolation
5.29(6) 0.87619(12) 0.46(8) or 0.59(9) Ordinary percolation
-0.756(40) 00.657(9) 1.422(16) 0.689(10) -0.0944(28) Ordinary percolation
0.830(10) 1.185(5) 0.569(5) Ordinary percolation
-1 1 1 2 1/2 0 Ordinary percolation
0.150464(6) [| 2 0488 +F 2.277730(5) 0.150464(6) | | o004+ 0.313686(8) Directed percolation
0.000008 0.000004
2 0.451 0.536 +/- 0.003 1.60 0.451 0.733 +/- 0.008 0.230 Directed percolation
B 0.73 0.584 +/- 0.005 0.12 Directed percolation
CTS RN (R (R 1/2 : Dircted porclation
B 07073 0.035(2) Heisenberg
= Jo_ 74 E ; 14 20 tsng
R 4.7893(8) | 0.63012(16) 0.03639(15) 3D Ising
Local linear interface
1/2 3 1/2 0 Mean field
Molecular beam epitaxy
Random field
B 4.780(2) 0.67155(27) 0.0380(4) XY

— LU

https://en.wikipedia.org/wiki/Universality_class
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3. PEFEICHITSPMHEFPLRERE]
DHFE/VIREY —[CBIT DS ERFRINENR

ERNETR VYR RhiEE
Y. Masaki, T. Mizushima, M. Nitta,

= N
EFArRvEI—9
C. Chatterjee, M. Haberichter, M. Nitta, G. Marmoni, S. Yasui, M. Nitta,
arXiv:2107.02448 [cond-mat.supr-con] PRC96, 055807 (2017) arXiv:2010/09032 [astro-ph.HE]
e ~H ,

IQV

TJVIFD
Y BBt
Z-axis o) % E 'I,i

FAL D A—)L

S. Yasui, M. Nitta, PRC101, 015207 (2020)

W2 in bulk D4~BN phase (t=0.9,b=0.2)
% g

. ﬁﬁlﬁﬁu:}ﬁ)bkﬂfﬁ 1S,-3P, B A
S. Yasui, C. Chatterjee, M. Nitta, PRC101, 025204 (2020)

S. Yasui, D. Inotani, M. Nitta,

PRC101, 055806 (2020)
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31 FXA2D73—)U

A —IV: ZDODEGHEEIREZDLEC—RITDIE—HRGFE

V(9) 4(x)

RTovIL
INJ)T
\ / 0 TO8%
S > T
W s j \
FAA7T) g.s. 2 x=0{HEIZTHRILF—

g.s. 2 g.s. 1 MABE-TLNS




31 FXA2D73—)U

P, MFZEH (REV x BLEAEENE)

fi=

cos¢g  sing 2

sEmARIEEo) A X diag(f1, f2, f3) ijvtflﬁ'rn-r{ixpf;?iﬂw»
, cos¢  sing

: — 4/ —(sin : = | — —
\/§ \/6 fO f2 3 ( §b> fO f3 \/i \/6

fo

bulk UN phase (t=0.9, b=0) bulk D,BN phase (t=0.9, b=0.1) bulk D4BN phase (t=0.9, b=0.2)

QEEI*)I/‘#\:_ foCOSO¢ 12 fycosg 12 fycosg 12

R 10.00

— 20.02

\ Z0.04
-2° f

HEIRLE— (AEDAEKRER)

bulk UN phase (t=0.9, b=0) bulk D,-BN phase (t=0.9, b=0.1) bulk D4-BN phase (t=0.9, b=0.2)
-0.04090 -0.04070 -0.0400 /-\ /-\
-0.04092 -0.04075 \/ \/ -0.0402
-0.04094 ~0.04080 0.0404
£-0.04096 £ £

wE o F ~0.04085 s -0.0406
-0.04098 0.04090 ©oos
o0s \ 4 \

2 il 3 2 1 3 ~0.04085m 13 2 13 0.0410 w3 w3
-0.04102 \ -0.
W< W W W W W —0.04100W W W W
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P, MFLH (REY x BLEHEEHE)
R . + fo+ fa =0
(i‘fﬁ&ﬁf:‘%’é%ﬁ) A dlag(f 15 f2, f 3) i];%'rn-h{Q—xpf;?i%pvw
cos® sino 2, . cCos® sinog
— — , — — ({S1nN , — — —
h=\" 75 ) f=y\36ndf 1 N L

bulk D4BN phase (t=0.9, b=0.2)
focosp 2

bulk UN phase (t=0.9, b=0) bulk D,BN phase (t=0.9, b=0.1)
2 focosp 4 2

HETRLE— o0 o 2
-1

MEZER: (f,.1,.f) RIIL

bulk UN phase (t=0.9,b=0)

g s
m% 0 1(75’1;75)
1!
\ Y 1,
(1,35 |
f2 |
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fi s
1
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31 FXAUDx—)U

FRFES (f.ff) RIRMIVICKBRAL DD +—)L

W2 in bulk UN phase (t=0.9,b=0) W2 in bulk UN phase (t=0.9,0=0) W2 in bulk UN phase (t=0.9,b=0)
%3 "

)?3 _ X3 -
o ° 5 5 S 10
5 5 ‘// 10
10 = Z >
T = Z% s £
T > 7
i S°F == .
20 == = 720
= = == SN
= == P
£ ==
-10 -5
-5 -5
0 0
)?1 5 )-(1 5
W11 in bulk UN phase (t=0.9,b=0) W21 in bulk UN phase (t=0.9,b=0) w; in bulk UN phase (t=0.9,b=0)
)?3 )?3 )?3
-5 -5 -10
5 ¢ 5 ° 10 ©°

. ) 7 ) W

0 0
%, 10 %1

)]

0
X4 5

W3 in bulk UN phase (t=0.9,b=0)

Wg in bulk UN phase (t=0.9,b=0) W§’ in bulk UN phase (t=0.9,b=0)
X3 X3 X3 _
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FRFES (f.ff) RIRMIVICKBRAL DD +—)L

D B N *H W2 in bulk D,-BN phase (t=0.9,b=0.1) W2 in bulk Do-BN phase (t=0.9,b=0.1) W2 in bulk D,-BN phase (t=0.9,b=0.1)
- )-(3 -4 X3 X3
2 -2 -2 -5
0
. 2 5 0 5 0
4 —
2 v & 2 i »
L RS o
, 2 @
-2 -2
0 0
%1 2 %1 2
Z CU W}® in bulk D,-BN phase (t=0.9,b=0.1) WJ3 in bulk D,-BN phase (t=0.9,b=0.1)
X3 _ X3 _
5 5 5 10
5 10
-
§ P o
10 = = =
= == = 5 M
)?2 0 «g: g )?2 0
=< = L
Z =
-10 =% == -5
-10 -5 -5
0 0 0
X4 10 X4 5 X4 5
D 4‘ B N *H W, in bulk D;~BN phase (t=0.9,b=0.2) W;2 in bulk D4~BN phase (t=0.9,b=0.2) W;3 in bulk D4~BN phase (t=0.9,b=0.2)
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(77 3 ) 5 0 0 10 °
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4 magnetic field BT .— heutron star
e

hEFEDFF
~ 10km

$ aE—L XK ~300 fm

diappearance of domain wall

BMHINDSZIRILE— ~10% erg !
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vacuum superfluidity
(other phase)
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fi, g s ‘
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3.2 F&@E NOIAIVRBE
KREIHEINE-TUOVLE BRI
Z A, = An (S1xS")/Z,
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3.2 XK@ FNRNOIAIVREE

Poincarée-H OprFEIEE (hairy ball theorem)
M: ZFR4K (RZEDITEIRE), vi RIURILIG

vOE O FAS—H R
PEM g X=2 (3KE)

‘y | EI:III:,\: D4'BN




3.2 x@ HNOIA)UREE
BT P, BRBOREER L.

Poincaré-HopfiE &

INVOZEE] + IRR — RE®

(il 35 (S'xSYZ, #(+)-#(-)=2

Y,
SHeBRBEI®CKEBIZHITH"T—Iv L (RIE)"EFEER

Cf. N. D. Mermin, Rev. Mod. Phys. 51, 591 (1979)
M. Urbanski, C. G. Reyes, J. Noh, A. Sharma, Y. Geng, V. S. R. Jampani, J. P. F. Lagerwall,
Journal of Physics: Condensed Matter 29, 133003 (2017)

Surface Defects:

© wp, @
o ~T
////I:\\

s =41 s =+1

(e )
(h)

(f) (9)
\|/ / -

PE)_iQnCQre—HoprIE
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3.3 sRIGHEAE

Ginzburg-Landau¥E w1 &5 P, ERBHER" DHEEL

Cf. V. Z. Vulovic, J. A. Sauls, PRD29, 2705 (1984) AE V-8B

A B3/ B2 %
6 g

B1/B2

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

Lt GLER D 7%
weak coupling 11 .
4L S IRA Cyclic: Weyl

(CNFETRARNLI-EER)

ZhETUN/BNBZEERLT-,
s (Ferro) B I TFET HH ?
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3.3 RN
AMNREARIEE SIS DIEB5H 7

@ ﬁ + ALK J. A. Sauls, J. W. Serene, PRD17, 1524 (1978),
§ A 3 )(j]% V. Z. Vulovic, J. A. Sauls, PRD29, 2705 (1984),

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

@ B F-m—IL DN cenrEpEiEz3)

T. Mizushima, D. Inotani, S. Yasui, M. Nitta , PRC104, 045803 (2021)

JTI)LIEHE (o) — = JT)LIEFH=E () : AR{E

& PR

A

JTJ)LIE
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3.3 sRIGHEAE

HEREU BRIV FLIDM ?

IRILE— -W
I T
we T1 19 _
="z THELEZBL
JT)LSE LITEELAS /
Zt"‘zh')j’l;? ../ meHE tt
1%
eV 1) 13
AE T TOHZER = REY | |OFEZERE AEV T TOHZER > RE> | | OFEZERM

JT)LESEOMEBENRE/ RIBEZFEETH?
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3.3 sRbEE

3P, LM (AL « BRE)

Phase O.P. [see Eq. (28)] H R=G/H m1(R) #Ng  #Hgng [66]
Uniaxial nematic r=-1/2,k=0 Do =~ 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] A 1
Biaxial nematic F=—1.x=0 Dy [U(1) xSO(3)]/Dy  Zx;, D} [43, 44, 65] 4 1
Cyclic r=e?73 k=0 T [U() x SOB)/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,ke(0,1) Cy [U(1) x SO(3)]/Z4 Zxp C, 4 —
. r = —1, k=1 U(I)JZ+2¢ SO(?’)JZ—ZCI)/ZZ Z4 [69, 71] 3 —
Ferromagnetic Eq. (26) U(1) J.+® SO(3) J.—® /7> Zy (69, 71] 3 _
Magnetized bioxiol nematic (MBN) > Ferromagnetic (FM)

1 Gy O o 1 +i 0
Api = @r 0 A=A+ -1 0
0 -1-r), 0 0 0/,

k € (0,1) LUV S5A—%— k=1
(FExt A R SY)

3, H—1S— R DREL DEKDE
2
<S§air> — 2[{(1 — I")A /3
K #0 = AE{RIE
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3.3 sRIGHEAE

AEH HIFLIE B A 1=Ginzburg—LandauIE i

f@) =" (@) + = (1) + ff“” (1) T = (Q?

o 0.05 1O 1 \izushima. . Yasui D.
77 *9_ |notlcz;rj1?, rl\:\n clj\li’r’ro,(?’shu;/s. Rev.
C104, 045803 (2021
0.04; (2021
T
& i x
I_I@ B 0.03 06,@.\
B :
= 0.02 04\59
EL\
0.01F Do-BN 0.2
e
hiEFE o BIGHERDRRL
0 ' ' ' 10 0 EEMTHS.
0185 s ' ECTTUN SRR (3 B SR
SE T/T. JETIRALN, (P, BRBIDKART

FEHNnTLSHAE.)
Magnetized biaxial-nematic (MBN)/Ferromagnetic (FM)

77‘*9_—5:&&%“3.[?& ? 71
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Appendix



Open Challenge

Phase diagram ?
- Thermodynamic properties

- Transport coefficients (cooling process)
- Other New phases

- Hyperon maftter

- Non-uniform phase (FFLO) &l sigiisme e

Topological objects ?
- Fractionally quantized vortices HH
- Solifons IN Vortices ssxtsiss e e
- Gapless fermions wsssissyee e

o M. Cipriani, W. Vinci and M. Nitta, Phys. Rev. D 86, 121704 (2012)
B G. Alford, G. Baym, F. Fukushima, T. Hatsuda, M. Tachibana, Phys. Rev. D99, 036004 (2019)
= O OJ U I I . C. Chatterjee, M. Nittqa, S. Yasui, Phys. Rev. D99, 034001 (2019)
A. Cherman, S. Sen, L. G. Yaffe, Phys, Rev, D100, 034015 (2019)
G. Maromorini, S. Yasui, M. Nitta, arXiv:2010.09032 [astro-ph.HE]
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XA D7 —)U

Surface energy density (summary picture in next page...) =
bulk UN phase W?(UN) W' (UN) W?(UN)
angle —1/6 < (¢modm)/m<1/6 [1/6 < (¢pmodm)/m <1/2|1/2 < (¢modm)/m <5/6
direction Wi | W3 W3 Wi | W3 W3 w3 | W3 W3
o [keV /fm?] 0.0154{0.0199 0.0154 0.0199|0.0154| 0.0154 [0.0154(0.0154| 0.0199
bulk D2-BN phase W?(D2BN) W' (D2BN)
angle —0.129 < (¢ mod 7)/m < 0.129 0.129 < (¢ mod 7) /7 < 0.870
direction W2 | W3 W3 wi3 W33 W33
o [keV/me] 0.0082(0.0107 0.0082 0.0722 0.0616 0.0722
bulk D4-BN phase — W' (D4BN)
angle — 0<(¢pmodm)/m <1
direction — wi3 W33 W33
o [keV/fm?] — 0.1533 0.1353 0.1533
Neutron star € > Magnetar
bulk UN phase (t=0.9, b=0) bulk D,-BN phase (t=0.9, b=0.1) 00400 bulk D4~BN phase (t=0.9, b=0.2)
oo oo | NATTTNATT v | /TN T/
-0.04094 -0.04080 -0.0404
1 f -0.04096 1 E —~0.04085 . é 00406
sowog \|. | VR — | oy | N
—0.04102j2 Wl | w3 | W2 | W | wB wd WP W2 NE -0.0410 wh3 wh3
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XA D3 —)b

bulk UNphase bulkD,BNphase bulk D,BN phase

zeromagnetic field weak magnetlc field strong magnetic field

""’ ' v Unstable

0.0308keV/fm*> 0.0616keV/fm*> 0.1353keV/fm’

‘/ ‘ <> disappearance S‘I'q ble

0.0154keV/fm®> 0.0082keV/fm® B ol

X, A magnetic
field B
X3
x, direction
(vertical axis)

// B

X, Or x, direction
(horizontal axis)

1B

c
Neutron star <« > Magnetar
bulk UN phase (t=0.9, b=0) bulk D,-BN phase (t=0.9, b=0.1) bulk D4-BN phase (t=0.9, b=0.2)
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Neutron star <« > Magnetar
X
2* magnetic field 3 bulk UNphase  bulk D,BNphase bulk D,BN phase
X, zeromagnetic field weak magnetic field strong magnetic field
X3
x, direction

(vertical axis)

// B

0.0507keV/fm?*~

L L"Favored" U'Favored”
0.0727keV/fm?* 0.1353keV/fm?

x, direction -
(horizontal axis)

1B

Wll W13 le Wll W13 le W113 W12 W113 W12 W113
\ \ Y g "Unfayored" "Unfayored"

0.0507keV/fm” 0.0804keV/fm 0.1535keV/fm




