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PEFEDER

1932: PHFOFE (J. Chadwick) Ny
1934: B ERFERICPHEFENTEDZ EZFE(W. Baade, F. ZW|cky)

1939: EsmETILDIRIE (J.R. Oppenheimer, G.M. Volkoff)
1967: /UL —DFE (S.J. Bell Burnell, A. Hewish)

77> —[CEDEEA

73 Mo\ L2 R \3/?2
T — 27/ 2 — 0.4 B
"Veu ()6nm<14Mb> (ka)

_ 14568 (-2 o i 7
T 1.4Mg 10000 km

v SR COERT DEDFRIF/NS LB EFNER SR
v PSR B1919+21®D/\)LY —EHA(E 1.3373 #

v B UEF. LGM “Little Green Men”-1 &E(EN 3
v 19744, A. Hewishld/ — NI EEZZE
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PiEF 2 DRI

- —HBEVPHEFE
v2.08+0.07M, (PSR JO740+6620)
v2.35 = 0.17Mg (PSR J0952-0607)

. —BEDMTE
v1.174+0.004M, (JO453+1559)
v0.7.017502M ,, (HESS J1731-347)

. —BRL[

v 716Hz (PSR J1748-2446ad)

—HE<EFLTULBC
v 1500km/s (RX J0822-4300)
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Tolman-Oppenheimer-Volkoff (TOV) eq.

- BEUIRINB KRR (BIZ P BEL W)
« BFKEFE (Za—bkVEN) A= pddds
GmA b
7742 mo_ [—P(r +dr) 4+ P(r)]dA - =" T_Z"’ P(r-+dr)
- TOVAIETN
aP  Gm ] 47r3 P 1 P
= (1 ) (5a) (
C;_m P AR E
.
- IRREH TR (EOS)
P = P(p)
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TOV eq. & M-R relation
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. JEER AR M.
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M = m(R) yas
/ o
o R
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- PUFEETILERES
K< E
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M-R relation
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Ze ro—tem pe ratu re Coulomb coupling parameter [' ~ Z%e°

’I“Z'kiBT
r >T,, =158 : solid

. . ' < Ty, =158 : liquid
 Typical core temperature is of order 108K

v far below the Fermi temperature

Gundmundsson+82
EF nb 2/3 10 ' ol T T T T | | T
Tr = ~ 10%? ( ) K i
kg no di
v'this makes the formation of ol

a superfluid/superconducting phase

log T (K)

* In the lower density region (envelope), |
the thermal effects may become important

CONDUCTION
=RADIATION

1 1 1 1 1 1 1
-4 -2 0 2 L
logp (g cm?)
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NS structure

2026/9/2-4

KEKtHAR =

Outer crust

Inner crust } Coulomb lattice

pasta structure

Oyamatsu 93

................................................................. Jo T (1/3 ~ 1/2)/03

Quter core

} Uniform matter
Inner core

MEMEDEFRE T DA,
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EOS near the saturation point

« Bulk energy per nucleon near the saturation point of symmetric nuclear matter at
zero temperature; :

incompressibility symmetry parameter p
w:w0+(”—no)2+ 50+@(n—no) o’ p=n2—w
w (energy) pure neutron
matter (a=1)
N gradient)

: current constraints on Ko & L
Symmetric ~ Ko = 230 * 40 MeV (Khan+13)

g, Nuclear maty _40 s L < 80 MeV (Li+ 13)

(x=0)
> Any EOSs can be

o 71 (density) characterized by

these saturation

\\ 4
Y — parameters
0 % (curvature)

experiments for
2026/9/2-4 Sta bﬂ@ﬂﬁ% eﬁ?ﬂ%@%??ﬁ‘it%@ﬁﬁﬁ&




Pasta phases

Chamel+ 08
A

100

80

65

35

20

o0
00O

)

(

nucleon number density (fm™)

0.14

0.12

0.10

0.08

0.06

0.04
0

-

\

| Sly4 (45.9)

\
~D
S

| | |
Oyamatsu & lida 07

—— pasta nuclei
o fission instability
x proton clustering

l uniform matter

_—
TS —

-
—_____

O . .
° spherical nuclei

limit for making a proton cluster

<~._B by electron capture
h ~~ C
phas -
O —

= ('rp/a)3 ~1/8

Pethick & Ravenhall 95

40 60 80 100 120 140
L (MeV)

160

« Whether pasta phase exists or not depends strongly on L.
« For L = 100MeV, pasta structure almost disappears.

2026/9/2-4
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NS as a laboratory for testing physics

« Density becomes extremely high

 central density = 10> g/cm?3
c.f. nuclear saturation density = 2.7x10'4 g/cm3)

« Strong magnetic field:1012~1013 G
« strongly magnetized NS (magnetar): 2104 G
c.f. Earth’s magnetic field ~ 10> G

« Strong gravitational field (relativistic objects)
* ge =10 m/s?, gs= 270 m/s?, gys = 2.4x10'2 m/s?

« Neutron superfluid / proton superconductor

« An ideal “laboratory” for testing physics in extreme states

2026/9/2-4 KEKtftfisE R TBMEDEFimE T DA,
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How to know the NS properties

observing M and R
observing the frequencies

how to know the best time to eat a watermelon ?
« The inside can not be seen before cutting

“empirical rule”
 to check the best time, knock a watermelon
+ high frequency “KIN-KIN” ; too young
« “BAN-BAN” ; best time !
 low frequency “BON-BON” ; too old
« need many years to get this ability

One could see the interior with specific sound from object.
« asteroseismology !!

Watermelon

2026/9/2-4 KEKTAtHRS BMEDEFRmE T DL,



Non-radial Oscillations in NSs

- axial-type oscillations
* no stellar deformation, no density variation
« t-modes (torsional) : elasticity ~ vs/R

Alfven modes

Parity transformations on a sphere
0,¢) = (m — 0,0+ 7)
axial: (—1)%*!
polar:(—1)*

« w-modes (spacetime) : oscillations of spacetime itself ~ M/R

r-modes (rotational) ~ mQ

« polar-type oscillations
« with density variation & stellar deformation
« important for considering the GWs emission

2026/9/2-4

f-mode (fundamental) ~ (M/R3)1/2

p-modes (pressure) : sound speed crossing ~ (M/R3)1/2

g-modes (gravity) : thermal/composition gradients ~ B-V frequency
s-/i-modes (shear/interface) : elasticity

Alfven modes

specific mode

!

w-modes (spacetime) : oscillations of spacetime itself ~ M/R physics

inertial modes (effect of rotation)
KEKHFEFZES

MEMEDEFRE T DA,
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fundamental (f—) MOAE (Lord keivin 1863)

« considering a self-gravitating fluid with constant p %asic eth-.t ;
v constant p: 0p=0 continuity equation
v continuit ion (V.7 = > . S5 — f @ Euler equation
v equation (V-47=0) " V- 07=0 ' @ Poisson equation

if V x60=0, §7 = Vy,where X is “stream function” = VZy =0
perturbed Poisson equation —_V?0® = 4nGép = 0

perturbed Euler equation:

0:0U + —VOP +Vdé® =0 — 0, Vx + EWP +Véd =0 — O, x + ;(5P + 0P = const.
p

: 1
AV, §,v2% + ;v25P +V30 =0 — v25P =0

X, 0P, and )P satisfy Laplace’s equation
1 92

1 1 0 0X 1 0%°X
2y _ + T2y h 2y — — [ sinf—=— —
VX = r Or2 (rX)+ rzveX = 0 where VyX sin 8 00 (sm@ 00 ) + sin? @ 0¢?

v' angular part can be expressed in terms of the spherical harmonics as X(r,6,¢) = ZXz(T)Ylm,
then Laplace’s equation becomes Lm

I(1+1)
’1“2

v general solution is X; = Ar' + Br—(+1) with the regularity condition at the stellar center, B=0 in the star’s interior

X; = 0 where we use Vngm =—Il(l+1)Yim

2026/9/2-4 KEKtftfisE R TBMEDEFimE T DA, 17



fundamental (f—) MOAE (Lord keivin 1863)

the perturbed variables are expressed as X = a7 Yim; 0® = byr'Yy,; 6P = cir'Yin,
t

 if we further assume that the fluid motion has a harmonic dependence on time x e

1 . C we set const = 0, because all .
atX + ;5P + 0P = const. — wa; + ; + bl =0 functions on the LHS vanished at r=0 D perturbed Euler equation

« To complete our solution, we need to consider the boundary conditions at r=R
v Lagrangian perturbation of the pressure must vanish: AP =P +£("P' =0

+ radial component of the displacement vector: iw¢” = 6v" = x' = ailr! Wi | AP — 0 ¢ = 4w Gp?l

. aj
- balance equation for background: P’ = —p®' = —47Gp?r/3 S
: : . . 2 4w Gpl
- if we adopt the Cowling approximation, i.e., by = 0, we arrive at |wcow = 3
« These modes are known as the fundamental (f-) modes, o, = 2”§P(T2 _3R?) By — _GM
T

which scale with the average density of the star, and increase with the multipole ¢
(I)in(R + é-r) - (I)out(R + €r)
« Without the Cowling approximation, the appropriate matching condition for§® at r = R P (R+E") =P, (R+E7)

[+1 ArGpl 8rGpl(l —1) |
/ + _ = — r —» b = — > 2 _

, the error is fairly large for the | = 2 modes, but decreases rapidly with ¢

<
<

ow\2  20+1
by taking the ratio (w(; ) = 2(li1)

2026/9/2-4 KEKtftfisE R TBMEDEFimE T DA, 18



GW frequencies from various NS models

(Andersson & Kokkotas 98)

« NS properties strongly depend on the EOSs

v corresponding GW frequencies also depend on the EOSs

v'the relations expressing the GW frequencies independently of EOS are quite useful, if any,
to explore the inverse problem for GWs from oscillating NSs (“universal relation(s)”)

e AN
25| s \
—aC
B N
\ \
G
A2.0J ! \ .
8 :w:tVFF -
g —o— Gy, M%‘\A o\o\ \ \ ]
_‘G \‘ M
= T O N
3 \.’\\\T.; \ |
\E-/ 1.5 — \_ \ %\3
| - *\\ \x \
) *
\ \
1.0 ,
.........
6 8 10 12 14
Radius (Km)

2026/9/2-4

frequency (kHz)

16

w,-modes

||||||||||||

06 08 10 12 14 16 18
M (in 1.4 solar mass units)

KEKtHtRAE S

J

T T T
0.05 0.06 0.07

(M/Rs)wz

T
0.04 0.08

Mo\ M2 R\ 32
R \! M RN\ YN[— 204 i
~ _ o in M
Jun (KHz) = (10 km) [20‘92 914 (1.4M@) (10 km) ]
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gravity (g-) mode

« g-modes are excited by the thermal/composition gradlent

C 8}9
86 s,Y;

/.7
N2 = 29 on 2P

 de

_dp

= Ce

2
q

E+DP

(2 a)

10; ¢ ....... o ....... eyl OO P _
3 g E
EN f oo o Cs # Ceq o ¢ Cs= Ceq
| — | o o L o IEROOEE o MO, BOOOON ONP, SOOP W oY gl_-
S 0l e oo oo ol 82
SLy4 &3
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Asteroseismology

 Linear analysis
- variable = background + perturbation: f=f +6f
- decompose the perturbed variables: 6f(t,r,0,0)=06f(r)e™Y, (6,0)

« Here, the background is assumed to be a spherically symmetric equilibrium

v polar-type oscillations are completely decoupled from axial-type oscillations
v'modes with £ # 0 degenerate into the modes with ¥ = 0, using spherical harmonics Yyx
v £-th modes are decoupled from modes with £' # ¢

« One cannot discuss the oscillation energy due to the nature of linear analysis
flud mode - 9392 91 T P P2 Ps

—t—+— . I . > frequency
~ a few kHz
2026/9/2-4 KEKHHtZt = 25D EFimEZT DA, 21




Applications

 Crustal torsional oscillations & magnetar QPOs
« Supernova gravitational waves & PNS oscillations

_.S5GR 1806-20

1 LT f 2.0
N S *‘ g 5
B T -2
LR e
100} Strohmayelréo& Wa‘tts (OS& “ “ i‘“v 00 01 02 03 04 05 0.6

Time ()

pr (sec)

2026/9/2-4 KEKIAtHRS BMEDEFiRmE T DA, 26



Crustal torsional oscillations

« Background: Spherically symmetric, non-stressed NS
« metric: ds® = —e2®dt? + 2 dr? + 12d0? + r? sin? 0d¢?
« consider axial perturbations

« V. the radial dependence of the angular displacement
- [ : the effective enthalpy density

H=(1-N,/AH
H , (£+2)(£—1)] e2Ay —

—Ww €
) r?

shear modulus

V" + [(%+<I>’—A’)+”—} Y +
r U

« boundary conditions

- the vanishing of the traction force @ »r = R, and r = R
« the problem to solve becomes the eigenvalue problem

2026/9/2-4 KEKtftfisE R TBMEDEFimE T DA,

T

— 8T, =0

|

du® = e~ 20,Y(t, )09 Py(cos @)/ sin

Y(t,r) = e Y(r)

27



Superfluidity

« some of the dripped neutrons behave as superfluidity
« do not contribute to the inertia for the torsional oscillations

V' + Ké+<b’—A’)+“—] V' +
r 7

Ew2€—2q> B (£ + 2)55 — 1) €2Ay —0,
7 r

~

H=(—N,/A)H

« in the phase of spherical nuclei: suggested by Chamel (2012)

« we adopt his result

« in the cylindrical nuclei: poorly understood

« we consider the extreme limit

« Ns/Ng =0 : all dripped N comove with the nuclei
« Ns/Ng=1":all dripped N behave as superfluid

2026/9/2-4 KEKtftisE R TEMEDEFimEZ DL,
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Shear modulus in spherical nuclei

—o— K= 180 MeV
— K, =230 MeV
= Ky =360 MeV -

~ &
~
L]
]
.....
]
]
L]
L]
]

35
E 25}
Pcrust density PSp/Cy g 15__
for bcc lattice (Strohmayer+ 91)
Q= O.1194M 5O
a

n; : ion number density
Z : charge of nuclei
a . Wigner-Seitz radius

2026/9/2-4

ito (Hz) = ¢ + VL2

KEKtHAE S MBMEDEFim& T DIGA.

150
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ldentification of SGR 1806-20

10— HSE 132 100
_ 92.5 Hz 015 _
N N
an _
: L=128.0 MeV | E‘
Q 3( B‘
% T S =1 T==014 =

Q

= sV 04 =
= A . _ ] o
o 18 Hz 03 >
o =

o4 M & 12km ——— o5 ol4Me&I2km  T—— o

40 80 120 160 40 80 120 160
L[MeV] L [MeV]
cf. 40 < L < 80 MeV (Li+ 13)
2026/9/2-4 KEKIftAR S MBMZDEFiRmEZ DI,

30



Alternative allowed region for L

N——————T———
__80f i
> i
< 70} = 58.0 MeV < L < 85.3 MeV
SN

60f _ i

- SGR 1806-20 ~
R I T
M/MO issues

1. neglecting the 26 Hz QPO in SGR 1806-20
2. considering only the phase of spherical nuclei

2026/9/2-4 KEKtftisE R TEMEDEFimEZ DL, 31



Elastic properties in pasta

« cylindrical nuclei

transverse shear

Pethick & Potekhin 98

B(du, du,\’| C|({ou, du,\’
E,=|— 2] |+ = *_ 2 log,,(C/E;,) =2.1(w—0.3)
. 2\ ox dy 2 0x dy
uniform Eco: Coulomb energy per unit volume
w : volume fraction
transversg ou. oy \2 X, 2y 2
compressiq + Y 4+ |— | — .
dy  dx 2 | 972 | | bending N
du, Ou,\(ou\> B’ (du\* S Be
+ B +——]| % B
0x dy 0z 2 \ 0z !
higher order term e@:) Y

« slab-like nuclei

B

)

du
0z

compression

%(VJ_ u)z
shear

2

2
K
+H—=(V2u)’

rma, WT

LLLL L éﬂéé -

shear property in slab-like nuclei
becomes higher order effect!

splay deformation i 2
a b
compression shear

- linear response behaves as fluid

2026/9/2-4

KEKtHtHR= "BMEOEFRmEZT DL,
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Double-layer model (iasagna sandwich) ns.is

core crust

spherical (Strohmayer+ 91)

(7 2
e = 0.1104"%¢)
ensity a
cylindrical (Potekhin+98)
slab-like >
linear response : fluid M., = EEC"“’ x10>10%270)
(Landau)

Ecou : Coulomb energy per unit volume

. : w> : volume fraction
>two elastic regions 2

(i) spherical + cylindrical (sp+cy)
(ii) tube + bubble (tu+bu)

© Setonaikai Broadcasting Corporation

~>bubble ~ spherical
tube ~ cylindrical

2026/9/2-4 KEKIAtHRS BMEDEFiRmE T DA, 33



EOSs & NS properties

« crust thickness strongly depends on L and M/R
« as L and M/R increase, crust thickness decreases

101k F i neutron drip !
: 90 ]
o 1012§ A 10 | i :& ]
o ] E 07 ® !0
£ 5108 58 Ei5
F Q1o o>
By 1010} B | 5
=~ 5 107 o
W 108F 14Mo, 12.4km ;: y | o
. L=734MeV 1% = 0! L=734MeV 1
106 b st Mo 1280 | e
2 4. .6 090 092 094 096 098 1.00
10%) R -_
~ 101 o |
TR A I
S | Ngivelopd 2 g
&p 1019 | I 1
PO | 1 & e
103 | 1 X /islab |
r spherical 1 =0
106 - I S S S i ] ; H_l’: . A 1 A : A 1
11.0 115 12.0 12.5 0.918 0.920 0.922 Oyamatsu 93
r (km) r/R
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Effect of cylindrical nuclei

core
>— crust

- fundamental oscillations weakly depend on the
existence of a cylindrical phase.
- all the QPOs except for 26Hz can be identified

m— density as the previous calculations.
40 —r— 1 T T T 1 T T T [ T T T [ T T 1T
\sv [ ) K0=180 _é
;\\\ & Ky=230 |
< 30f e = Ky=280 - . ]
~ — .
T ~e__ Vv Ko=360 ] > ]
o [ M=14Mg & - S :
< 200 R=12km S -_ < :
i Sso ~ :
[ NJNy=10 u :
10 TS R T T R S S TR N SR S S R S S _E
0 20 40 60 80 100
L (MeV)

eto (Hz) = CE 4 <1)L%g + (2)L1 00 + Cég)Llooa

L =58 - 85 MeV (HS+18)
2026/9/2-4 KEKFIRS THIS0ETHE Z DR,
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1st overtone

« frequencies of 1st overtone depend on Ky & L
« we find a good combination of Ky & L for expressing the 1st overtone frequencies.

g — (KO4L5 )1/9
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1st overtone & fundamental modes
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Can

2026/9/2-4

we identify the 26Hz QPO?

core
>4

25 ¢

20
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crust

density
slab-like

linear response : fluid

(Landau)

- two independent oscillations

spherical (Strohmayer+ 91)

p=0.1194

n;(Ze)?

a

cylindrical

(Potekhin+98)

2

“cy = 5 ECoul

X 102.1(W2—0.3)

Ecou :

Coulomb energy per unit volume
wo : volume fraction

(i) spherical + cylindrical (sp+cy) = except for 26Hz (OK)
(ii) tube + bubble (tu+bu) > 26Hz? consistently with the L constraint?

- bubble ~ spherical
tube ~ cylindrical
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Oscillations in tu+bu & in Sp+Cy ;. s

100
-9
~
N
e
—
e
Q
-
O
=
oa
=
—
oMo [
10 20 30 40 50 60 70 30
L (MeV)

« one can explain the 26Hz QPO with the torsional oscillations in tu+bu phase
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Additional QPOs

« recently, the existence of additional QPOs is suggested by Miller et al.
« 51.4,97.3, 157Hz

N

mlOO

N

>

Q

=

Q

=

3

D

S
oMo, 3km, L
10 20 30 40 50 60 70 80

L. (MeV)

2026/9/2-4 KEKtHtHRS #Ma0EFimE T DA



Other objects

Article

Very-high-frequency oscillations in the main
peak of amagnetar giantflare

https://doi.org/10.1038/541586-021-04101-1 A. J. Castro-Tirado'?, N. @stgaard®™, E. Gégiis*™, C. Sanchez-Gil®, J. Pascual-Granado',

V. Reglero®”, A. Mezentsev®™, M. Gabler®™, M. Marisaldi**™, T. Neubert®,

C. Budtz-Jgrgensen®, A. Lindanger?, D. Sarria®, I. Kuvvetli®, P. Cerda-Duran®,

J. Navarro-GonzaleZ’, J. A. Font®'°, B.-B. Zhang™"**, N. Lund®, C. A. Oxborrow?®, S. Brandt®,
M. D. Caballero-Garcia', I. M. Carrasco-Garcia', A. Castellén?™, M. A. Castro Tirado''¢,

F. Christiansen®, C. J. Eyles’, E. Fernandez-Garcia', G. Genov?, S. Guziy'™®, Y.-D. Hu'"®,

A. Nicuesa Guelbenzu®, S. B. Pandey”, Z.-K. Peng"?, C. Pérez del Pulgar?, A. J. Reina Terol?,
E. Rodriguez', R. Sanchez-Ramirez?, T. Sun'**?, K. Ullaland® &S. Yang®

Received: 17 August 2020

Accepted: 6 October 2021

Published online: 22 December 2021

M Check for updates

2.5

fclfulsflhtyl L TT~< MSPI0740+6620] —— SLy4
QR IR SKa
SkI3
SkMp
DD2
Shen
. Togashi
N .. L=60£20MeV, Ky =240+ Q0 MV

12 13 14 15

R (km) HS, Kokkotas, Stergioulas 23
BMEDEFimE T DA,

2026/9/2-4 KEKTHRAR=

SCIENCE CHINA
Physics, Mechanics & Astronomy

@ CrossMark
& click for updates

April 2026 Vol.69 No.4: 249512
https://doi.org/10.1007/s11433-025-2866-2

« Article .

A comprehensive search for long and short periodic features from an
extremely active cycle of FRB 20240114A

[causality SLy4
20F SKa
f SKI3
O 15k
§ [GW170817 SkMp
= 10Ff DD2
- Shen
0.5 _ Togashi
O [ DT

9 10

HS, Wadiasingh, Chirenti 26
41



Resonant shattering

« Precursors 1-10 s prior to the main flare were detected

with high significance for three SGRBs out of the 49 (Troja+10)
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Dawn of GW astronomy

Normalized amplitude

. 0 2 4 6
« GWs from compact binary mergers have been deteCl!  mesmm—
. . . . 500
v GWs become a new tool for extracting astronomical information.
- The next candidate must be a supernova explosion.
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Next candidate of GW sources

« core-collapse supernovae
v compared to the binary merger, the system is almost spherically symmetric
» weak gravitational waves
» we may be able to detect only the event happened in our galaxy
v"many numerical simulations show the existence of GW signals
» SN GWs depend on the SN models, such as progenitor mass, EOS, and gravity
> it may be difficult to extract physics of PNS from the GW signals.

« We adopt the perturbation approach, the so-called asteroseismology,
to see the physic behind the GWs by identifying them with the specific
frequency of PNS.

2026/9/2-4 KEKtftfisE R TBMEDEFimE T DA,
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Supernova gravitational waves

ramp-up signals
a few 100Hz to kHz

0.5
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association

with SASI another distinct frequency band
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Asteroseismology on SN GWs

« PNS structure depends not only on the density and pressure profiles
but also on the distribution of electron fraction and entropy (or temperature)

1015, 20
1014

s 1013%_
“= 1012f
L2 1ollf
E/D 1010:r
¥ 10%
108;r

107L
0

s (kg/baryon)
© o o

N

« Using the numerical data for core-collapse SNe,
first one has to prepare background models,

on which the linear perturbations are considered.

v spherically symmetric background models are
prepared by averaging in the angular direction

« GW frequencies are determined
by solving the eigenvalue problem
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Comparison with GW signals in simulation
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Dep. of GW signals on PNS models
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time evolution of GW frequencies strongly
depend on the supernova models

TGTF : single nucleus approximation
TGLD : nuclear statistical equilibrium
\
different treatment in EOS for lower
density region can change the GW

spectra
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U n ive rsa I re I ati O n S HS, Takiwaki, Togashi, 2021

* The g4- and f-mode frequenC|es can be WeII expressed as a PNS propertles
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Proton superconductivity inside NS core

[Proton 1Sy gap modcls] — n3lo414
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Magnetic suppression
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Thermal (cooling) evolution
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Evolution of superconducting region
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Summary

* NS is a suitable laboratory for testing physics in extreme states

« Asteroseismology is one of the powerful techniques to extract NS properties
« By identifying the observed frequencies with specific modes, one can extract the
corresponding physics
« Specifically, | introduced two applications

« crustal torsional oscillations and magnetar QPOs
« supernova gravitational waves and PNS oscillations

« There are still few research examples of asteroseismology in more complex
systems, with rotation, magnetic field, superfluidity, dark matter, ---, and/or
in modified theory:--
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