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QPOs in SGRs

Quasi-periodic oscillations (QPOs) in afterglow of giant flares from soft-

gamma repeaters (SGRs)
— SGR 0526-66 (5™/3/1979) : 43 Hz

— SGR 1900+14 (27™/8/1998): 28, 54, 84, 155 Hz
— SGR 1806-20 (27"/12/2004): 18, 26, 30, 92.5, 150, 626.5, 1837 Hz

(Barat+ 1983, IsraelH OB, Strohnmayer & Watts O5, Watts & Stronmayer O6)
— additional QPO in SGR 1806-20 is found : 57Hz (Huppenkothen + 20 14)
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torsional oscillations

e axial parity oscillations
— incompressible

— no density perturbations (less associated with GWSs)

e in Newtonian case (Hansen & Cioff 1980)
L+ L)p/p i/ p
sto ~ \/ SR ~ 16,/4(f 4+ 1) Hz otn ~ QA/ ~ 500 x n Hz
T

— M :shear modulus
— frequencies oc shear velocity v = Julp
— overtones depend on crust thickness

e torsional oscillations independently of core EOS
— by integrating from the surface with (M, R) \
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EOS near the saturation point

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

incompressibility symmetry_parameter
&) s s+ z
w = wo + =% (n —nop) —I—[So+3 (n—no)]a

18n3 no
w (energy) ,
A pure neutron we adopt a phenomenological EOS,
matter (a =1 characterized by (K., L)
................................. gradient)
SoTWo ; current constraints on K, & L

- Ky = 230 £ 40 MeV (Khan+13)
symmetric - 40 <= L. = 80 MeV (Li+ 13)

S nuclear matter bee lattice
(a=0) s

O , 2
: n;(Ze
density) p=0.1194 i(Ze)
a
, dw
P(n)=- in n, : ion number density
R o ( ) 1 Z : charge of nuclei
—> . curvature a : Wigner-Seitz radius
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pasta phase
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e with larger L., pasta phase becomes narrower

e For L = 100MeV, pasta structure almost disappears.
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L [MeV]

constraint on L via QPO frequencnes

core4 crust 100 =

1 1.4M
112km

f(Hz)

1) all QPOs come from crustal 2) QPOs except for 26 Hz come from
’tOFSIOﬂGl OSCIIIOtlons (HSH+ 1 30‘) crustal torsional oscillations (HS+13b)
160 ¢ : : 90 — — - - —]
150 SGR 1806 20 :
140} | = °r ;
é 13 | z
130F 1 S 70 N
120F 13 | ;
110F : 60 ]
100¢ ; o
90t 1.4 1.6 1.8
M/M

m 580 < L < 85.3 MeV
m» 101.1<s L.< 131.0 MeV L
one needs another oscillation

cf) L =40 ~ 80 MeV 77 mechanism to explain the 26 Hz QPO.
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elastic properties in pasta

Pethick & Potekhin 98

log,,(C/E;y) =2.1(w —0.3)

E .o Coulomb energy per unit volume
W : volume fraction

e cylindrical nuclei transverse shear
B(ou, du\’| C|(du, ou,\
Y R 20 ax o
uniform : Y v Y
transverse 27 N
: du du K;[0°u
compression * y 4= —
> :
dy  dx 2 | 9z bending

du, duy\(du\> B'(du\"
+ B’ + +—| =
dx dy dz 2\ 0z

e slab-like nuclei

higher order term

2 77
- shear LI %ﬂ’
compression splay deformation TR T T T ,':T Z%%
shear property in slab-like nuclei becomes a V722 b
higher order effectl!
compression shear

- linear response behaves as fluid
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as a possibility of 26Hz...

100 T _
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oscillations in bubble phase?? oL o m HS+ 2017
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e Oscillation in bubble might be possible to correspond to 26Hz QPO,
depending on the entrainment rate.

e« Observational evidence for showing the existence of pasta phasel?
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effect of pasta structure

core crust

> <

slab-like

linear response : fluid
(Landau)

- two independent oscillations

(i) spherical + cylindrical

cylindrical

HS+ 18

spherical (Stronmayer+ 91)

p=0.1194

n;(Ze)?

a

(Potekhin+98)

Hey =

2
—FE
3

Coul

% 102107-03)

E

Coul

(ii) cylindrical-hole + bubble > 26Hz?

identification of fundamental oscillations
- constraint on L (?)

L, ~v. /AR

identification of overtone (?)

- additional information
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constraint on L

fundamental oscillations weakly
depend on the existence of
cylindrical phase.

all of QPOs except for 26Hz can
be identified as same as the
previous calculations.
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15t overtone

HS+ 18

e frequencies of 15 overtone depend on K & L.

 we find the good combination of K, & L for expressing the 15t
overtone frequencies. 4 v5\1/9
G = (Ko L)

1000}® ® v NJ/Ng=10 -
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HS+ 18

15t overtone
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constraints on L

Analyses of Terrestrial Experiments Analyses of Astrophysical Observations
Iso. Diff. & o
NStar crust oscillation
double n/p L
120 4 (ImQMD considering neutron
Atomi 2009) , A superﬂuidity
v (Sotani et al., 2012)
and n-skin of NStar MR
] Snlsotopes Nucl. Mass NStarr-mode  gnalysis
(2011) (291_2) Nucl. PDR a-decay invs'tg:mtyzmz (Steinr,
> [AS+n-skin |::| . ’\/21?;% (2010) er?_rgy (Vi 2012 L;:g\:vn;rzgm) NStar gravitational
S 80 (2013) Isoscaling T (2010) Trans. Flow , A g energy
2 - (2007) T (2010) p-decay  Dipole ; (Newton & Li, 2009)
C ﬁ (PZ%E | ﬁ energy polarizability : [}
~ 7 . ;
S Te e Y- el tr - C-T-m - -4
. I i .
. ® o n-Skin ﬁ Difusion ‘ . ﬁ [ ] [ ] HS+ 18
analysis (2012) Iso. Diff. . 15+
40 - (1BUUO4, [ ] TF+Nucl, 1 L
of masses (ImQMD, |
2005) Mass
T (2012 2010) 4 - 199 Mass-defference NStar MR :
DM+n-skin Optical Pot (1996) and n-skin AN £omode instabiliy
(2009) 2010 analysis2  (Wenetal, 2012) i
- (2010) (Steiner & NStarerust oscilla
Gandoli 2012) ar Crust osciiiation
(Gearheart et al. 2011)
0 - - : : 1 40 £ L s 80 MeV
With no or incomplete error information SHEmskin
(2010) Average=58.8865 Lietal (2013)

» 26Hz : bubble (,t,), 626.5Hz : spherical + cylindrical (,t,)
- SGR1806-20 should be relatively low mass NS (M~1.2-1.4M®, R~13km?7?)

- L ~ 58-73MeV
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sSummary

QPOs in SGR could be strongly associated with the NS oscillations.
taking into account the effect of pasta structure, we calculate the
crustal torsional oscillations

— spherical + cylindrical nuclei phase
constraint on L is almost independent of the existence of pasta
ldentifying the 626.5Hz QPO with the overtone, we can obtain a
new constraint on G = (K04L5 )"

— together with the constraint on L, we obtain the constraint on K,

— considering the terrestrial constraint on K, we find

e SGR1806-20 should be relatively low mass NS
(M~1.2-1.4M (13km), ~1.4-1.EM_(14km))

e LL~58-73MeV



