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F1G. 1.—The pulse period of PSR 0833—45 from late 1968 to
mid-1980. The four large jumps are enumerated, and the time span
in years between jumps is noted.
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Inhomogeneous phase in
condensed matter physics

BdG equationzZZMNLGEHEZSZA TR &

“Evidence of Andreev bound states

“Superconductivity under as a hallmark of the FFLO phase
a ferromagnetic molecular field” in k-(BEDT-TTF)2Cu(NCS)?”
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H Prelude:

(c) Weise

PHASES and STRUCTURES of QCD

... the goal:

-

Scales
in
nuclear
matter
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@ momentum scale:

~1

Fermi momentum kp ~14fm ~ ~ 2m,
@ NN distance: dyny 2 1.8 fm~ 1.3 EMH
@ energy per nucleon: E/A ~ —-16 MeV

@ compression modulus: K = (260 + 30) MeV
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Chiral phase transition with
Spatial dependency

NJL model

Ly =% (I8, —m)p+ G AA&&M + A%Jmﬁmémv

Condensations can have
spatial dependency, generally.

(W) =S(x),  (Dir’ms¢) = P(x)
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Impact on astrophysics

* Cooling ratio of inhomogeneous phase (DCDW)

epcow = 6.1x10%(pp/po)*°*Y2°T3 (erg-em™ -57Y),  Muyto & Tatsumi (2014)

— It can be seen by Xray observations.
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Neutron star Interior Composition mx._oax,,/.._ L N

* Ferromagnetism (DCDW)
Yoshiike & Tatsumi (2015)

- EOS of inhomogeneous phase

— Inhomogeneous phase will change EOS.

— |t will be observed by gravitational wave.




1+ 1 Dimension

NJL, model (Gross-Neveu model)
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Numerical calculation of
inhomogeneous chiral phase

(W) =5(x),  (Wiv’13¢) = P(x)
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Energy spectrums

A A Hv Schematic pictures Our numerical
of analytic solutions calculation
Basar et al. (2009)
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Dual Chiral Density Wave (DCDW) Ey=q+2 o
S(x) ~ Acos(q - x), P(x) ~ Asin(q - x) ol
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= FF type (Fulde-Ferrell 1964 )
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Numerical approach S(x). P(x) = 0
Our calculation

Mass dependency on A N
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M(x, y) = M cos(Qx) cos(Qy). M(x,y) = _Hw cos(Qx) nomﬁ 5 va + ooA,\Ww m.«.vH_,
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1.4

* Quark hadron pasta EOS

Ayriyan et al.(2017) arXiv 1711.03926

Excluded by GW170817 o Pvuu@m v
(Bauswein et al. (2017)] e Bp=5% i
I P-v".w %
! — =0 :
L | | | | L |
10 11 12 13 14
Radius [km]

1 .ovvl —— A, =0 (Maxwell construction) -
|- a=3%
HER A, =5% -
06} -= A,=10% a=03 |
' | . | . ! . I _ |
10 11 12 13 14
R |km]

* BHFRPZ D' [REIE (Lattice QCDPJPARCOAEE £ B % 15 X BEOS)

2.0

1.5

1.0+

0.5

0.0

“ AV18+MPa’

N B R I

10 11 12

13 14 15

Yamamoto et al.(2017) arXiv 1708.06163



Maxwell eq. should be modified
Incera (CSQCDZ2016)

Axion Electrodynamics in DCDW in B

Ferrer & VI, 1512.03972 [nucl-th]

Anomalous E.C. due to

\ the spectral asymmetry
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Anomalous Hall current:
0 = qz/2. dissipationless, | to both B
) and E
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We can see the anomaly from NSs !



"DEFORMED STAR/PASTA DUALITY™

NY, FUJISAWA YAMADA (2014) MNRAS LETTER, (2016) MNRAS

Deformed stars Pasta structures which are

(non-spherical stars) non-uniform structures in
| | | phase transitions; neutron drip,

quark-hadron phase transition,

etc.)
a_-.ov_on .. m_nr tube bubble
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Other topics of inhomogeneous phase

* Color SC crystals by GL approach
Rajagopal & Sharma (2006)
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FFLO of SC in multi dimension (2D) oo
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