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SqetikistikoÐ astèrec (astèrec netronÐwn)

• proto - neutron stars

• millisecond (recycled) pulsars

• accreting neutron stars in Low - Mass X - ray Binaries (LMXBs)

• radio pulsars

• magnetars

→ Diat rhsh thc stroform c: J = IΩ = 2
5MR2Ω =⇒ Ω ∝ R−2

→ Diat rhsh thc magnhtik c ro c: Φ =
∫

dS ·B = 4πR2B =⇒ B ∝ R−2

→ DhmiourgÐa stereoÔ floioÔ: T . 1010 Kelvin
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Montèlo peristrefìmenou magnhtikoÔ dipìlou: dE/dt = 2/3R6B2Ω4 sin2 θ

B ∝ (
PṖ

)−1/2, τ = P/
(
2Ṗ

)
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SeismoÐ se pulsars kai magnetars

• PalmoÐ, upopalmoÐ, mikropalmoÐ, metatopÐseic upopalm¸n
kai apìtomec elatt¸seic periìdwn (glitches) se pulsars

(Arqèc thc dekaetÐac tou '70)

• Hmi - periodikèc talant¸seic (Quasi - Periodic Oscillations, QPOs)

se magnetars (Soft Gamma - ray Repeaters, SGRs

kai Anomalous X - ray Pulsars, AXPs)

(KurÐwc met� to 2005)
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→ PalmoÐ P1 ' 1.5 msec− 10 sec, mikropalmoÐ Pµ ' 1 msec,
upopalmoÐ P2 ' 10− 50 msec kai metatopÐseic upopalm¸n P3 ' 2− 20P1

→ Talant¸seic astèrwn netronÐwn (Van Horn 1980)
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→ SGR 1806-20: ' 18, 26, 29, 92, 150, 625, 720, 976, 1840, 2384 Hz

→ SGR 1900+14: ' 28, 54, 84, 155 Hz

→ SGR 0526-66: ' 43 Hz

→ Rossi X - ray Timing Explorer (RXTE)
kai Ramaty High - Energy Solar Spectroscopic Imager (RHESSI)
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Qronikì twn QPOs se SGRs

1979: 'Eklamyh sto SGR 0526-66
1983: Anak�luyh QPO sto SGR 0526-66 (Barat et al.)
1995: Montèla magnetars (Duncan & Thompson)
1998: 'Eklamyh sto SGR 1900+14
1998: Global Seismic Oscillations (Duncan)
2001: Magnhtikèc epidr�seic (Messios, Papadopoulos & Stergioulas)
2001: - Sqetikìthta kai magnhtik� monìpola
2004: 'Eklamyh sto SGR 1806-20
2005: Nèec anakalÔyeic QPOs sta SGR 1900+14, SGR 1806-20
2005: (Israel et al., Strohmayer & Watts)
2005: SÔzeuxh stereoÔ floioÔ - reustoÔ wkeanoÔ (Piro)
2006: Magnhtikèc epidr�seic
2006: - Idiotalant¸seic (Glampedakis, Samuelsson & Andersson)
2006: (Sotani, Kokkotas, Stergioulas & Vavoulidis)
2006: - Suneqèc f�sma (Levin; Sotani, Kokkotas & Stergioulas)
2007: Peristrofikèc epidr�seic kai sfairoeideÐc modes
2007: (Vavoulidis, Stavridis, Kokkotas & Beyer)
2008: (Vavoulidis, Kokkotas & Stavridis)
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Ast�jeiec se peristrefìmenouc astèrec netronÐwn

• Dunamikèc ast�jeiec

• Ast�jeiec odhgoÔmenec apì mhqanismoÔc apìsbeshc

– Ast�jeiec odhgoÔmenec apì to ix¸dec
– Ast�jeiec odhgoÔmenec apì th barutik  aktinobolÐa

1. Ast�jeiec twn f-modes

2. Ast�jeiec twn w-modes

3. Ast�jeiec twn r-modes

4. Ast�jeiec twn t-modes, i-modes

→ Stic peript¸seic 1 kai 2 endiaferìmaste gia melètec
se taqèwc peristrefìmenouc astèrec netronÐwn.

→ Stic peript¸seic 3 kai 4 endiaferìmaste gia melètec
se peristrefìmenouc astèrec netronÐwn me stereì floiì.
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rotating frame inertial frame
J =0*

AnagkaÐa sunj kh (all� ìqi kai ikan ): σrσi < 0 ⇐⇒ σr (σr −mΩ) < 0

→ Astrofusikì endiafèron èqoun p.q. oi f-modes me m = 2 . . . 5
all� tìte, gia na isqÔei h parap�nw sunj kh, prèpei ε = Ω/ΩK ' 1.

→ Gia touc r-modes, antijètwc, h parap�nw sunj kh isqÔei gia k�je Ω.

σr = +
2mΩ

` (` + 1)
> 0 ⇐⇒ σi = −(`− 1) (` + 2) mΩ

` (` + 1)
< 0
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��Par�juro�� ast�jeiac: (1/2E) dE/dt = 1/τgr + 1/τbv + 1/τsv + 1/τEk + · · ·

→ Barutik  aktinobolÐa: τgr ' +47M−1
1.4 R−4

10 P 6
−3 sec

→ Grammikì ix¸dec: τsv ' −6.7× 107M
−5/4
1.4 R

23/4
10 T 2

9 sec

→ Genikì ix¸dec: τbv ' −2.7× 1011M1.4R
−1
10 P 2

−3T
−6
9 sec

→ Stereìc floiìc (me str¸ma Ekman): τEk ' −830T9P
1/2
−3 sec
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R/M = 2.26
R/M = 2.28
R/M = 2.30
R/M = 2.40

→ Gia touc f-modes (arister�) to ��par�juro�� ast�jeiac eÐnai polÔ mikrì
kai periorÐzetai se ε = Ωc/Ωmax & 0.91 kai T ' 109 Kelvin.

→ Oi w-modes (dexi�) ikanopoioÔn th sunj kh ast�jeiac gia meg�la ε
(ε & 0.8 gia R/M = 2.40, an kai ε & 0.2 gia R/M = 2.26).
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BRADEWS PERISTREFOMENOI ASTERES NETRONIWN ME STEREO FLOIO

• Dom  twn montèlwn

• Exis¸seic diataraq¸n

• Apotelèsmata
I. Mh - peristrefìmenoi astèrec netronÐwn

II. Peristrefìmenoi astèrec netronÐwn

• Sumper�smata

Vavoulidis, Stavridis, Kokkotas & Beyer, MNRAS, 377, 1553 (2007)
Vavoulidis, Kokkotas & Stavridis, MNRAS, 384, 1711 (2008)
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→ Mèjodoc tou Hartle (1967): t�xeic wc proc ε = Ω/ΩK

→ Exis¸seic Einstein (Gαβ = 8πTαβ)
kai exis¸seic diat rhshc enèrgeiac - orm c

(∇βTαβ = 0
)
gia th metrik :

ds2 = −e2νdt2 + e2λdr2 + r2dθ2 + r2 sin2 θdφ2 − 2ωr2 sin2 θdtdφ

kai gia ton tanust  enèrgeiac - orm c: Tαβ = (ρ + p) uαuβ + pgαβ − 2µSαβ

→ Exis¸seic TOV:
dM (r)

dr
= 4πr2ρ, e−2λ := 1− 2M (r)

r
dν

dr
= e2λ

(
4πrp +

M (r)

r2

)

dp

dr
= − (ρ + p)

dν

dr

kai exÐswsh par�surshc adraneiak¸n susthm�twn anafor�c ($ := Ω− ω):

d2$

dr2
−

(
ν ′ + λ′ − 4

r

)
d$

dr
− 16πe2λ (ρ + p) $ = 0

→ O stereìc floiìc (µ 6= 0) den upeisèrqetai stic exis¸seic dom c
se aut n thn prosèggish. Upeisèrqetai stic exis¸seic deÔterhc t�xhc wc proc Ω/ΩK.
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→ GrammikopoÐhsh twn exis¸sewn diat rhshc enèrgeiac - orm c: δ
(∇βTαβ = 0

)

→ Prosèggish Cowling: δgαβ = 0

→ Tanust c enèrgeiac - orm c: Tαβ = (ρ + p) uαuβ + pgαβ − 2µSαβ

→ Upologismìc tou tanust  ix¸douc Sαβ (Carter & Quintana, 1972):

σαβ = LuSαβ

(
= e−ν∂Sαβ

∂t

)
, σαβ =

1

2

(
P γ

β∇γuα + P γ
α∇γuβ

)
− 1

3
Pαβ∇γu

γ

Pαβ = gαβ + uαuβ

→ Grammikèc diataraqèc: δp, δρ
(
δp = c2

sδρ
)
, δuα

(
= Luξ

α = e−ν ∂ξα

∂t

)

ξi =
(
ξr, ξθ, ξφ

)
:=

(
ξ̃r,

ξ̃θ

r
,

ξ̃φ

r sin θ

)
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−∂2ξ̃r

∂t2
+ 2Ω

∂ξ̃φ

∂t
sin θ =

∂χ

∂r
− ArΓp

ρ
α− µ

ρ
(1aþ)

×
[

1

3

∂α

∂r
− 2

3

α

µ

dµ

dr
+

2

µ

dµ

dr

∂ξ̃r

∂r
+∇2ξ̃r − 2ξ̃r

r2
− 2

r2

∂ξ̃θ

∂θ
− 2 cot θ

r2
ξ̃θ − 2

r2 sin θ

∂ξ̃φ

∂φ

]

−∂2ξ̃θ

∂t2
+ 2Ω

∂ξ̃φ

∂t
cos θ =

1

r

∂χ

∂θ
− µ

ρ
(1bþ)

×
[

1

3r

∂α

∂θ
+

1

µ

dµ

dr

(
∂ξ̃θ

∂r
+

1

r

∂ξ̃r

∂θ
− ξ̃θ

r

)
+∇2ξ̃θ +

2

r2

∂ξ̃r

∂θ
− ξ̃θ

r2 sin2 θ
− 2 cos θ

r2 sin2 θ

∂ξ̃φ

∂φ

]

−∂2ξ̃φ

∂t2
− 2Ω

(
∂ξ̃θ

∂t
cos θ +

∂ξ̃r

∂t
sin θ

)
=

1

r sin θ

∂χ

∂φ
− µ

ρ
(1gþ)

×
[

1

3r sin θ

∂α

∂φ
+

1

µ

dµ

dr

(
∂ξ̃φ

∂r
+

1

r sin θ

∂ξ̃r

∂φ
− ξ̃φ

r

)
+∇2ξ̃φ +

2

r2 sin θ

∂ξ̃r

∂φ
− ξ̃φ

r2 sin2 θ
+

2 cos θ

r2 sin2 θ

∂ξ̃θ

∂φ

]

χ := −Γp

ρ
α− ξ̃r

ρ

dp

dr

α := ∇iξ
i =

∂ξ̃r

∂r
+

2ξ̃r

r
+

1

r

∂ξ̃θ

∂θ
+

cot θ

r
ξ̃θ +

1

r sin θ

∂ξ̃φ

∂φ

∇2 := ∇i∇i =
∂2

∂r2
+

2

r

∂

∂r
+

1

r2

∂2

∂θ2
+

cot θ

r2

∂

∂θ
+

1

r2 sin2 θ

∂2

∂φ2
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SfairoeidoÔc tÔpou talant¸seic:

ξi =

[
rS,H

∂

∂θ
,H

1

sin2 θ

∂

∂φ

]
Y`meiσt (2aþ)

me tic sfairoeideÐc idiosunart seic: S = S (r) , H = H (r)

ToroeidoÔc tÔpou talant¸seic:

ξi =

[
0, T

1

sin θ

∂

∂φ
,−T

1

sin θ

∂

∂θ

]
Y`meiσt (2bþ)

me thn toroeid  idiosun�rthsh: T = T (r)

→ Qrhsimopoi¸ntac tic Sqèseic (2), stic Exis¸seic (1),
anagìmaste se èna monodi�stato sÔsthma exis¸sewn.

Bl. Vavoulidis, Kokkotas & Stavridis, MNRAS, 384, 1711 (2008)

Bl. epÐshc kai Strohmayer (1991), Lee & Strohmayer (1996), Yoshida & Lee (2001)
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Stereìc floiìc:

zj
1 = Sj

zj
2 = 2α1e

−ελ d

dr

(
reελSj

)
+

(
Γ− 2

3
α1

){
e−ελ

r2

d

dr

(
r3eελSj

)− ` (` + 1) Hj

}

zj
3 = Hj

zj
4 = α1

(
e−2ελr

dHj

dr
+ Sj

)

zj
5 = T j

zj
6 = α1e

−2ελr
dT j

dr

Reustìc pur nac:

yj
1 = Sj

yj
2 =

(
r
dν

dr

)−1
δpj

ρ + εp
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Exis¸seic mhdenik c t�xhc wc proc Ω/ΩK (j = 0):

r
dz0

1

dr
= −

(
1 + 2

α2

α3
+ εU2

)
z0

1 +
1

α3
z0

2 +
α2

α3
` (` + 1) z0

3

r
dz0

2

dr
=

{(−3− εU2 + U1 − e2ελc1σ̄
2
0

)
V1 + 4

α1

α3
(3α2 + 2α1)

}
z0

1

+

(
V2 − 4

α1

α3

)
z0

2 +

{
V1 − 2α1

(
1 + 2

α2

α3

)}
` (` + 1) z0

3 + e2ελ` (` + 1) z0
4

+
{−2e2ελc1σ̄0σ̄1V1 + εA}

z0
1 + {2mc1σ̄0$̄V1 + εB} z0

3 + εCz0
4

r
dz0

3

dr
= −e2ελz0

1 +
e2ελ

α1
z0

4

r
dz0

4

dr
= −

(
−V1 + 6Γ

α1

α3

)
z0

1 −
α2

α3
z0

2

−
{

c1σ̄
2
0V1 + 2α1 − 2

α1

α3
(α2 + α3) ` (` + 1)

}
z0

3 − (3 + εU2 − V2) z0
4

+

{
2mc1σ̄0$̄V1

` (` + 1)
+ εD

}
z0

1 + εEz0
2 +

{
−2c1σ̄0σ̄1V1 +

2mc1σ̄0$̄V1

` (` + 1)
+ εF

}
z0

3

r
dz0

5

dr
=

e2ελ

α1
z0

6

r
dz0

6

dr
= −{

c1σ̄
2
0V1 − α1 (`− 1) (` + 2)

}
z0

5 − (3 + εU2 − V2) z0
6
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Exis¸seic pr¸thc t�xhc wc proc Ω/ΩK (j = 1):

r
dz1

1

dr
= −

(
1 + 2

α2

α3
+ εU2

)
z1

1 +
1

α3
z1

2 +
α2

α3
` (` + 1) z1

3

r
dz1

2

dr
=

{(−3− εU2 + U1 − e2ελc1σ̄
2
0

)
V1 + 4

α1

α3
(3α2 + 2α1)

}
z1

1

+

(
V2 − 4

α1

α3

)
z1

2 +

{
V1 − 2α1

(
1 + 2

α2

α3

)}
` (` + 1) z1

3 + e2ελ` (` + 1) z1
4

+
{−2e2ελc1σ̄0σ̄1V1 + εA}

z0
1 + {2mc1σ̄0$̄V1 + εB} z0

3 + εCz0
4

r
dz1

3

dr
= −e2ελz1

1 +
e2ελ

α1
z1

4

r
dz1

4

dr
= −

(
−V1 + 6Γ

α1

α3

)
z1

1 −
α2

α3
z1

2

−
{

c1σ̄
2
0V1 + 2α1 − 2

α1

α3
(α2 + α3) ` (` + 1)

}
z1

3 − (3 + εU2 − V2) z1
4

+

{
2mc1σ̄0$̄V1

` (` + 1)
+ εD

}
z0

1 + εEz0
2 +

{
−2c1σ̄0σ̄1V1 +

2mc1σ̄0$̄V1

` (` + 1)
+ εF

}
z0

3

r
dz1

5

dr
=

e2ελ

α1
z1

6

r
dz1

6

dr
= −{

c1σ̄
2
0V1 − α1 (`− 1) (` + 2)

}
z1

5 − (3 + εU2 − V2) z1
6

+

{
2c1σ̄0V1

[
−σ̄1 +

m$̄

` (` + 1)

]
+ εG

}
z0

5

19



Exis¸seic mhdenik c t�xhc wc proc Ω/ΩK (j = 0):

r
dy0

1

dr
= −

(
3− V1

Γ
+ εU2

)
y0

1 −
(

V1

Γ
− ` (` + 1)

c1σ̄2
0

)
y0

2

+

{
2m$̄

σ̄0
+ εH

}
y0

1 +

{[
2m$̄

σ̄0
− ` (` + 1)

2σ̄1

σ̄0

]
+ 2εI

}
y0

2

c1σ̄2
0

r
dy0

2

dr
=

(
e2ελc1σ̄

2
0 + rAr

)
y0

1 − (U1 + rAr) y0
2

+ 2e2ελc1σ̄0σ̄1y
0
1 −

{
2m$̄

σ̄0
+ εH

}
y0

2

Exis¸seic pr¸thc t�xhc wc proc Ω/ΩK (j = 1):

r
dy1

1

dr
= −

(
3− V1

Γ
+ εU2

)
y1

1 −
(

V1

Γ
− ` (` + 1)

c1σ̄2
0

)
y1

2

+

{
2m$̄

σ̄0
+ εH

}
y0

1 +

{[
2m$̄

σ̄0
− ` (` + 1)

2σ̄1

σ̄0

]
+ 2εI

}
y0

2

c1σ̄2
0

r
dy1

2

dr
=

(
e2ελc1σ̄

2
0 + rAr

)
y1

1 − (U1 + rAr) y1
2

+ 2e2ελc1σ̄0σ̄1y
0
1 −

{
2m$̄

σ̄0
+ εH

}
y0

2
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Sunoriakèc sunj kec

→ sto kèntro tou astèra (omalìthta):

c1σ̄
2
0y

j
1 − `yj

2 + F j = 0

{
F 0 = 0
F 1 = 2m$

σ0

(
σ1

m$ − 1
`

)
c1σ̄

2
0y

0
1

→ sthn epif�neia tou astèra (∆p = 0):

D = yj
1 − yj

2 = 0

D = zj
6 = 0

→ sthn diepif�neia reustoÔ pur na - stereoÔ floioÔ (sunèqeia thc prìsfushc):

zj
1 = yj

1

zj
2 = V1

(
yj

1 − yj
2

)

zj
4 = 0

zj
6 = 0
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I. Mh - Peristrefomenoi Asterec Netroniwn

→ BrÐskoume sfairoeideÐc kai toroeideÐc modes

sta shmeÐa pou mhdenÐzontai ta D = y1 − y2 kai D = z6
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fundamental f -mode
(qwrÐc stereì floiì)
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0/πGρ̄ = 3.65406
)

→ Polutropikì montèlo: R ' 10.1 km, M ' 1.4 M¯
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fundamental f -mode
(me stereì floiì)
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(
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)

→ Polutropikì montèlo: R ' 10.1 km, M ' 1.4 M¯, ∆r ' 0.89 km

→ Asunèqeia kai talantwtik  sumperifor�
thc egk�rsiac idiosun�rthshc H

→ Sunèqeia kai anepaÐsjhth talantwtik  sumperifor�
thc aktinik c idiosun�rthshc S
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shear s1-mode
(mìno me stereì floiì)
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→ Idiosuqnìthta: 676 Hz

→ Periorismìc twn idiosunart sewn ston stereì floiì

→ KurÐwc egk�rsiec kin seic (H À S)
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interfacial i-mode
(mìno me stereì floiì)
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→ Idiosuqnìthta: 58 Hz

→ Akm  thc aktinik c idiosun�rthshc sth b�sh tou stereoÔ floioÔ
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torsional t-modes
(mìno me stereì floiì)
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→ Idiosuqnìthtec: 33, 676, 1245, 1808 Hz

→ Apokleistik� egk�rsiec kin seic (S = 0)
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s1-mode
(montèlo me realistik  katastatik  exÐswsh: L+DH14)
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→ Emf�nish stereoÔ floioÔ: 1.28× 1014 gr/cm3

→ ShmeÐo neutron drip: 3.3× 1011 gr/cm3

→ Suntelest c grammikoÔ ix¸douc:

µ
( erg

cm3

)
=

(
0.021 + 0.376ρ14 + 3.130ρ2

14 − 4.718ρ3
14 + 2.468ρ4

14

)× 1030
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s1-mode
(montèlo me realistik  katastatik  exÐswsh: L+NV14)
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→ Emf�nish stereoÔ floioÔ: 2.40× 1014 gr/cm3

→ ShmeÐo neutron drip: 3.9× 1011 gr/cm3

→ Suntelest c grammikoÔ ix¸douc:

µ
( erg

cm3

)
= 1.267ρ

4/5
14 × 1030

29



AsteroseismologÐa
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→ TÔpoc twn Hansen & Cioffi (1980):

`t0
tn
' 1

πn

√
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∆r
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→ Beltiwmènoc tÔpoc (swstì scaling twn n, `):

`t0
tn
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(
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R
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II. Peristrefomenoi Asterec Netroniwn

0,92 0,94 0,96 0,98 1
normalized distance from stellar center r/R

0

0,5

1

no
rm

al
iz

ed
 h

or
iz

on
ta

l d
is

pl
ac

em
en

t r
T

/R

530 Hz

21.5 Hz

885 Hz

1218 Hz

1526 Hz

2t0
2t1
2t2
2t3
2t4

Eigenfunctions & Eigenfrequencies
fundamental mode & first few overtones (l=2)

31



II. Peristrefomenoi Asterec Netroniwn
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II. Peristrefomenoi Asterec Netroniwn

0,92 0,94 0,96 0,98 1
normalized distance from stellar center r/R

0

0,5

1

no
rm

al
iz

ed
 h

or
iz

on
ta

l d
is

pl
ac

em
en

t r
T

/R

21.5+2.9 Hz

21.5-2.9 Hz

530+2.9 Hz 530-2.9 Hz

m=+2
m=+1
m=-1
m=-2

Eigenfunctions & Eigenfrequencies
fundamental mode & first overtone (l=2)

33



0 5 10 15 20 25 30
stellar rotational frequency Ω  (Hz)

0

10

20

30

ei
ge

nf
re

qu
en

cy
 σ

 (H
z)

Newtonian
m=+2
m=+1
m= 0
m=-1
m=-2

Splitting of Eigenfrequencies
corotating observers

→ σ = σ0 + mΩC1,New = σ0 + mΩ/ [` (` + 1)] (Strohmayer 1991)
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corotating observers

→ σ = σ0 + mΩC1,New = σ0 + mΩ/ [` (` + 1)] (Strohmayer 1991)

→ σ = σ0 + mΩC1,rel

Vavoulidis, Stavridis, Kokkotas & Beyer, MNRAS, 377, 1553 (2007)
Vavoulidis, Kokkotas & Stavridis, MNRAS, 384, 1711 (2008)
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→ σ = σ0−mΩ + mΩC1,New = σ0 + mΩ/ [` (` + 1)] (Strohmayer 1991)

→ σ = σ0−mΩ + mΩC1,rel

Vavoulidis, Stavridis, Kokkotas & Beyer, MNRAS, 377, 1553 (2007)
Vavoulidis, Kokkotas & Stavridis, MNRAS, 384, 1711 (2008)
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→ Sqetikistikèc diorj¸seic: rc := 1− C1,rel/C1,New ' 0.9M/R

→ σ = σ0 −mΩ + mΩC1,rel

Vavoulidis, Stavridis, Kokkotas & Beyer, MNRAS, 377, 1553 (2007)
Vavoulidis, Kokkotas & Stavridis, MNRAS, 384, 1711 (2008)
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Sumper�smata

1. H swst  tautopoÐhsh twn diafìrwn parathroÔmenwn QPOs se SGRs
eÐnai shmantik . P.q. sto SGR 1900+14:

ParathroÔmenec suqnìthtec (Hz) 28 53 84 155
`t0 ∼

√
` (` + 1) 2t0 4t0 7t0 13t0

`t0 ∼
√

` (` + 1)− 2 2t0 4t0 6t0 11t0

2. H parathroÔmenh suqnìthta twn 18 Hz sto SGR 1806-20
den mporeÐ na eÐnai o toroeid c 2t0 torsional mode.

Ja mporoÔse, ìmwc, na eÐnai o sfairoeid c 1i interfacial mode
kaj¸c, gia ta perissìtera realistik� montèla astèrwn netronÐwn,
h suqnìthta autoÔ tou mode eÐnai apì 10 wc 25 Hz perÐpou.
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Sumper�smata

3. Oi sqetikistikèc peristrofikèc diorj¸seic
apoklÐnoun wc kai 30% apì tic Neut¸neiec peristrofikèc diorj¸seic.

H apìklish aut  exart�tai apì th sumpagìthta twn jewroÔmenwn montèlwn
kai, se mia pr¸th prosèggish, dÐnetai apì th sqèsh (rc ' 0.9M/R).
P.q. gia M/R = 0.2 paÐrnoume rc ' 18%.

4. Oi torsional modes kai oi interfacial modes
ikanopoioÔn to krit rio ast�jeiac CFS
akìmh kai se mikrèc peristrofikèc suqnìthtec, Ωc ∼ 10− 20 Hz.

H Sqetikìthta upobohj� thn efarmog  aut c thc ast�jeiac, Ωc,rel < Ωc,New.

Wstìso, den èqei akìmh upologisteÐ an aut  h ast�jeia mporeÐ pragmatik�
na anaptuqjeÐ.
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MAGNHTISMENOI ASTERES NETRONIWN ME STEREO FLOIO

• ToroeideÐc talant¸seic: poiotik  an�lush
I. 'Ena aplì montèlo

II. DÔo shmeÐa pou qrÐzoun prosoq c

• Realistik� montèla: posotik  an�lush
III. Dom  twn montèlwn

IV. Exis¸seic diataraq¸n

V. Apotelèsmata

• Sumper�smata

Sotani, Kokkotas, Stergioulas & Vavoulidis, astro-ph/0611666
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→ Hmi - periodikèc talant¸seic (Quasi - Periodic Oscillations, QPOs)

se Soft Gamma - ray Repeaters (SGRs)
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I. Ena Aplo Montelo1

→ Omogenèc magnhtikì pedÐo: ~B = Bẑ

→ Egk�rsiec, toroeideÐc talant¸seic: ~ξ = ξxx̂ + ξyŷ (me ∇ · ~ξ = 0)

→ Stajer  puknìthta ρ kai stajerìc suntelest c grammikoÔ ix¸douc µ

Exis¸seic Euler
(
ξi ∝ eiσt

)
:

−σ2ξi =
1

ρ

∂δσij

∂xj
+

1

4πρ

[(
∇× δ ~B

)
× ~B

]
i

(i = x, y)

ìpou:

δσij = µ

(
∂ξi

∂xj
+

∂ξj

∂xi

)
, δ ~B = ∇×

(
~ξ × ~B

)

Apotèlesma:

−σ2ξi =
µ

ρ

(
∂2ξi

∂z2
+

∂2ξi

∂x2
+

∂2ξi

∂y2

)
+

B2

4πρ

∂2ξi

∂z2
(i = x, y)

1Bl. p.q. Carroll et al. (1986), Piro (2005), Glampedakis, Samuelsson & Andersson (2006)
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Sqèsh diaspor�c
(
ξi ∝ ei(kxx+kyy+kzz)

)
:

σ2 = v2
s

(
k2

z + k2
⊥
)

+ v2
Ak2

z

ìpou:

v2
s =

µ

ρ
, v2

A =
B2

4πρ
,

∂2

∂x2
+

∂2

∂y2
= − (

k2
x + k2

y

)
= −k2

⊥,
∂2

∂z2
= −k2

z

Oriakèc peript¸seic (k⊥ '
√

` (` + 1)/R, kz ' nπ/∆r):

⇒ n = 0 modes (kz ¿ k⊥): anexarthsÐa apì to B, ex�rthsh apì to `

σ ' vsk⊥ ' vs

√
` (` + 1)

R

⇒ n > 0 modes (kz À k⊥): anexarthsÐa apì to `, ex�rthsh apì to B ∼ vA

σ '
√

v2
s + v2

A kz '
√

v2
s + v2

A

nπ

∆r

{ ' vs nπ/∆r, ìtan v2
s À v2

A

' vAnπ/∆r, ìtan v2
s ¿ v2

A

Bl. kai Sq ma pou akoloujeÐ
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L99 elastikìc qarakt rac   / kai magnhtikìc qarakt rac 99K
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II. Duo Shmeia pou Qrizoun Prosoqhc

→ SÔzeuxh tou reustoÔ pur na me ton stereì floiì:

H prìsfush (traction) prèpei na eÐnai suneq c:

Orismìc thc prìsfushc: Ti = ρ
(
v2

s + v2
A

) ∂ξi

∂z
(i = x, y)

Sunj kh sunèqeiac: Ti

(
R−

c

)
= Ti

(
R+

c

)

→ Pio realistik� magnhtik� pedÐa:

P.q. gia èna keklimèno (se gwnÐa θ) omogenèc magnhtikì pedÐo:
~B = B sin θx̂ + B cos θẑ

h sqèsh diaspor�c gÐnetai:

σ2 = v2
s

(
k2

z + k2
⊥
)

+ v2
A

(
cos2 θk2

z + sin2 θk2
⊥
)

en¸ gia ~B = Bẑ (θ = 0)  tan:

σ2 = v2
s

(
k2

z + k2
⊥
)

+ v2
Ak2

z
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SÔzeuxh tou reustoÔ pur na me ton stereì floiì (arqÐzoume me ∆r/R = 1.00)
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∆r/R = 0.95: Emf�nish magnhtoelastik¸n modes ston reustì pur na
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∆r/R = 0.90: MeÐwsh twn idiosuqnot twn, σ ∼ 1/Rc
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∆r/R = 0.70: Bl. kai tic idiosunart seic twn magnhtoelastik¸n modes
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∆r/R = 0.50
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∆r/R = 0.30

 0.001

 0.01

 0.1

 1

 10

 100

 1e-05  1e-04  0.001  0.01  0.1  1  10  100

σ 
R

/v
s

vA
2/vs

2

n=3
n=2
n=1
n=0

51



∆r/R = 0.10: PolÔ kont� se realistik� montèla astèrwn netronÐwn
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∆r/R = 0.05: PolÔ kont� se realistik� montèla astèrwn netronÐwn
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III. Domh twn Montelwn

→ Exis¸seic Maxwell
(∇βF

αβ = 4πJα, Fαβ = ∂αAβ − ∂βAα

)

gia th metrik :

ds2 = −e2νdt2 + e2λdr2 + r2dθ2 + r2 sin2 θdφ2

→ Exis¸seic TOV kai exÐswsh magnhtikoÔ pedÐou:

e−2λd2α1

dr2
+ e−2λ (ν ′ − λ′)

dα1

dr
− 2

r2
α1 = −4πj1
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IV. Exiswseic Diataraqwn

→ GrammikopoÐhsh twn exis¸sewn diat rhshc enèrgeiac - orm c: δ
(∇βTαβ = 0

)

kai twn exis¸sewn Maxwell: δ
(∇βF

αβ = 4πJα
)

→ Tanust c enèrgeiac - orm c me touc magnhtikoÔc ìrouc:

Tαβ = (ρ + p) uαuβ + pgαβ − 2µSαβ +H2uαuβ +
1

2
H2gαβ −HαHβ

→ ToroeideÐc, axonik� summetrikèc (m=0) talant¸seic: mìno ξφ, δHφ 6= 0

δHφ = Hr ∂

∂r
ξφ + Hθ ∂

∂θ
ξφ

∂2

∂t2
ξφ =

e2ν

ρ + p + e2λ (Hr)2 + (rHθ)
2 ×

{
∂

∂r

+ e−2λµ
∂2

∂r2
+

µ

r2

∂2

∂θ2
+ e−2λ

[(
4

r
+ ν ′ − λ′

)
µ + µ′

]
∂

∂r
+ 3

µ

r2

cos θ

sin θ

∂

∂θ

+ (Hr)2
∂2

∂r2
+

(
Hθ

)2 ∂2

∂θ2
+ 2HrHθ ∂2

∂r∂θ

+

[(
2
cos θ

sin θ
Hθ +

(
ν ′ +

2

r

)
Hr

)
Hr + HrHr

,r + HθHr
,θ

]
∂

∂r

+

[(
2
cos θ

sin θ
Hθ +

(
ν ′ +

2

r

)
Hr

)
Hθ + HrHθ

,r + HθHθ
,θ

]
∂

∂θ

}
ξφ
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→ Prìblhma idiotim¸n: idiosuqnìthtec σ, idiosunart seic Y

ξφ (t, r, θ) = Y (r)
1

sin θ

dP` (θ)

dθ
eiσt

→ Mh lamb�nontac upìyh tic suzeÔxeic `± 2:
[
µ + (1 + 2Λ1)

a1
2

πr4

]
d2Y
dr2

+

{(
4

r
+ ν ′ − λ′

)
µ + µ′ + (1 + 2Λ1)

a1

πr4
[(ν ′ − λ′) a1 + 2a1

′]
}

dY
dr

+

{[(
ρ + p + (1 + 2Λ1)

a1
2

πr4

)
e2λ − Λ1a1

′2

2πr2

]
σ2e−2ν

− (Λ− 2)

(
µe2λ

r2
− Λ1a1

′2

2πr4

)
+ (2 + 5Λ1)

a1

2πr4
[(ν ′ − λ′) a1

′ + a1
′′]

}
Y = 0

→ Sunoriakèc sunj kec: ìpwc prohgoumènwc
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V. Apotelesmata Realistik� magnhtik� pedÐa (arqÐzoume me ∆r/R = 1.00)
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Sotani, Kokkotas, Stergioulas & Vavoulidis (2006)
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∆r/R = 0.95
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∆r/R = 0.70
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∆r/R = 0.50
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∆r/R = 0.30
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∆r/R = 0.00: ��KajaroÐ�� magnhtikoÐ Alfvén modes
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Realistikì montèlo A+DH14 (∆r/R ' 0.05)
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Sumper�smata

1. Gia realistik� montèla magnetars
(stereìc floiìc ∆r/R . 0.05, dipolikì magnhtikì pedÐo B & Bµ)
oi modes èqoun kurÐarqo magnhtikì qarakt ra

kai mporoÔme na ektim soume thn èntash tou magnhtikoÔ pedÐou
twn antikeimènwn aut¸n
kai tic epimèrouc leptomèreiec thc dom c touc (p.q. M, R, ∆r, EOS k.�.).
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Sumper�smata

2. MporoÔme na brÐskoume tic idiosuqnìthtec twn Alfvén modes
me analutikèc sqèseic thc morf c:

2a0 ' 43.90

[
1− 4.33

(
M

R

)
+ 5.50

(
M

R

)2
](

B

Bµ

)

Oi idiosuqnìthtec autèc sqetÐzontai me tic suqnìthtec
twn Lower (L-) kai Upper (U-) talant¸sewn me sqèseic thc morf c:

U0 ' 1.8× 2a0, Un ' 1.3× 2an

L0 ' 1.1× 2a0, Ln ' 0.8× 2an

Up�rqei, wstìso, h epifÔlaxh tou suneqoÔc f�smatoc.

Ti eÐnai to suneqèc f�sma? Ti eÐnai oi Lower kai Upper talant¸seic?
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TAQEWS PERISTREFOMENOI ASTERES NETRONIWN

• Exis¸seic diataraq¸n
I. Prosèggish Cowling

II. AntÐstrofh prosèggish Cowling

• Apotelèsmata

Kokkotas & Vavoulidis, Journal of Physics, Conference Series 8, 71 (2005)
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R/M = 2.26
R/M = 2.28
R/M = 2.30
R/M = 2.40

→ Ast�jeiec twn f-modes, r-modes kai w-modes

se peristrefìmenouc astèrec netronÐwn

67



I. Proseggish Cowling

→ Sthn prosèggish Cowling jewroÔme δgαβ = 0 (kai, sunep¸c, δΓγ
αβ = 0)

kai de lamb�noume upìyh tic diataragmènec exis¸seic pedÐou: δ (Gαβ = 8πTαβ)

→ GrammikopoioÔme tic exis¸seic diat rhshc enèrgeiac - orm c: δ
(∇βT

β
α = 0

)

∇βδT
β
α = gδεT

ε
αg

βγδΓδ
βγ + T β

γ δΓγ
αβ +∇γT

β
α δgγ

β = 0 (3)

→ δT β
α eÐnai oi diataraqèc tou meiktoÔ (mh - summetrikoÔ) tanust  enèrgeiac - orm c:

δT β
α = tβα =




ttt trt tθt tφt
ttr trr tθr tφr
ttθ trθ tθθ tφθ
ttφ trφ tθφ tφφ



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Didi�statec exis¸seic exèlixhc [apì to an�ptugma thc Ex. (3)]:

∂

∂t
ttt = − ∂

∂r
trt −

∂

∂θ
tθt −

∂

∂φ
tφt −

(
Γr

rr + Γθ
rθ + Γφ

rφ

)
trt −

(
Γr

θr + Γθ
θθ + Γφ

θφ

)
tθt

+Γr
ttt

t
r + Γr

tφt
φ
r + Γθ

ttt
t
θ + Γθ

tφt
φ
θ + Γφ

trt
r
φ + Γφ

tθt
θ
φ

∂

∂t
ttr = − ∂

∂r
trr −

∂

∂φ
tφr −

(
Γt

rt + Γθ
rθ + Γφ

rφ

)
trr

+Γt
rtt

t
t + Γt

rφt
φ
t + Γθ

rθt
θ
θ + Γφ

rtt
t
φ + Γφ

rφt
φ
φ

∂

∂t
ttθ = − ∂

∂θ
tθθ −

∂

∂φ
tφθ −

(
Γt

θt + Γr
θr + Γφ

θφ

)
tθθ

+Γt
θtt

t
t + Γt

θφt
φ
t + Γr

θrt
r
r + Γφ

θtt
t
φ + Γφ

θφt
φ
φ

∂

∂t
ttφ = − ∂

∂r
trφ −

∂

∂θ
tθφ −

∂

∂φ
tφφ −

(
Γt

rt + Γr
rr + Γθ

rθ

)
trφ −

(
Γt

θt + Γr
θr + Γθ

θθ

)
tθφ

+Γt
φrt

r
t + Γt

φθt
θ
t + Γr

φtt
t
r + Γr

φφt
φ
r + Γθ

φtt
t
θ + Γθ

φφt
φ
θ

→ Mìlic 4 exis¸seic gia 16 agn¸stouc!
MporoÔme, wstìso, na ��kleÐsoume�� to sÔsthma
qrhsimopoi¸ntac tic sqèseic orjokanonikìthtac, th sqèsh adiabatikìthtac k.�.
Leptomèreiec
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II. Antistrofh Proseggish Cowling

→ Sthn antÐstrofh prosèggish Cowling jewroÔme δTαβ = 0

kai de lamb�noume upìyh tic diataragmènec exis¸seic diat rhshc enèrgeiac - orm c

→ GrammikopoioÔme tic exis¸seic Einstein: δ (Gαβ = 8πTαβ)

−2δGαβ = ∇γ∇γhαβ +∇α∇βh
γ
γ − 2∇(β∇γhα)γ + 2Rγ δ

α βhγδ − 2Rγ
(βhα)γ

+gαβ

(∇γ∇δhγδ −∇δ∇δh
γ
γ

)
+ Rγ

γhαβ − gαβR
γδhγδ = −16πδTαβ = 0

→ hαβ eÐnai oi diataraqèc tou metrikoÔ tanust :

δgαβ = hαβ =




htt htr htθ htφ

? hrr hrθ hrφ

? ? hθθ hθφ

? ? ? hφφ



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Poia sunj kh bajmÐdac (gauge) eÐnai katallhlìterh
gia didi�statec arijmhtikèc prosomoi¸seic?

→ Dokim�zoume, me thn epÐpedh metrik : ds2 = −dt2 + dr2 + r2dθ2 + r2 sin2 θdφ2

→ Me th sunj kh bajmÐdac Regge-Wheeler (hθφ = 0):

∂

∂t

(
∂

∂r
−2

r

)
htφ −

[
∂2

∂t2
− 1

r2

(
∂2

∂θ2
− cos θ

sin θ

∂

∂θ
+ 2

)]
hrφ = 0

∂

∂t

(
∂

∂θ
−2

cos θ

sin θ

)
htφ − ∂

∂r

(
∂

∂θ
− 2

cos θ

sin θ

)
hrφ = 0

→ Me th sunj kh bajmÐdac Hilbert-Lorentz
(∇βhαβ = 0

)
:

∂2

∂t2
hrφ =

{
∂2

∂r2
+

1

r2

[(
∂2

∂θ2
− cos θ

sin θ

∂

∂θ

)
− 4

]}
hrφ − 2

r2

(
∂

∂θ
+

cos θ

sin θ

)
hθφ

∂2

∂t2
hθφ =

2

r2

(
∂

∂θ
− 2

cos θ

sin θ

)
hrφ +

{
∂2

∂r2
+

1

r2

[(
∂2

∂θ2
− cos θ

sin θ

∂

∂θ
− 3

cos2 θ

sin2 θ

)
− 1

]}
hθφ
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→ Arijmhtik  exèlixh me k¸dika se kulindrikèc suntetagmènec

→ Ast�jeia tou k¸dika gia peristrefìmenouc astèrec netronÐwn
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SÔnoyh

1. Melet same modes se bradèwc peristrefìmenouc astèrec netronÐwn
me stereì floiì kai br kame ìti:
→ Ta sqetikistik� apotelèsmata diafèroun wc kai 30% apì ta Neut¸neia.
→ PolloÐ modes tou stereoÔ floioÔ ja mporoÔsan na eÐnai CFS astajeÐc
akìmh kai gia mikr� Ω. H Sqetikìthta upobohj� aut n thn ast�jeia.

2. Melet same modes se magnhtismènouc astèrec netronÐwn me stereì floiì
kai br kame ìti:
→ Se realistik� montèla magnhtismènwn astèrwn netronÐwn
o magnhtikìc qarakt rac aut¸n twn modes eÐnai kurÐarqoc.
→ Oi parathroÔmenec QPOs se SGRs ja mporoÔsan na ermhneutoÔn
wc tètoioi modes.

3. Melet same modes se taqèwc peristrefìmenouc reustoÔc astèrec netronÐwn.
→ Oi didi�statec arijmhtikèc mèjodoi pou qrhsimopoi same
den  tan, genik�, eustajeÐc. H melèth aut  suneqÐzetai.
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Exis¸seic deÔterhc t�xhc wc proc Ω/ΩK

→ Metrik :

ds2 = − [
e2ν (1 + 2h)− r2 sin2 θω2

]
dt2 + e2λ

(
1 +

2m

r − 2M (r)

)
dr2

+r2 (1 + 2k) dθ2 + r2 (1 + 2k) sin2 θdφ2 − 2ωr2 sin2 θdtdφ

→ h,m, k: sunart seic twn r, θ p.q. h (r, θ) = h0 (r) + h2 (r) P2 (θ)

→ Exis¸seic dom c:

p.q.
1

6
e−2(ν+λ)r2 ($′)2 −

(
2ν ′ +

1

r

)
2m0

r2
+

(
1− 2M (r)

r

)
2

r

dh0

dr

= −8π

[
p′ζr

0 + Λ (ec
c)0 + 2µ

(
m0

r − 2M (r)
+

dζr
0

dr
+ λ′ζr

0

)]

→ 3 exis¸seic gia ta h0,m0, ζ
r
0 kai 5 exis¸seic gia ta h2,m2, k2, ζ

r
2 , ζ

θ
2

→ Oi reustoÐ peristrefìmenoi astèrec netronÐwn
èqoun diaforetikèc idiìthtec
apì touc peristrefìmenouc astèrec netronÐwn me stereì floiì.
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Monodi�stato sÔsthma exis¸sewn

(
A`m + Ã`m cos θ

)
Y`m + B`m sin θ

∂Y`m

∂θ
+ C`m

∂Y`m

∂φ
= 0

(α`m + α̃`m cos θ)
∂Y`m

∂θ
−

(
β`m + β̃`m cos θ

) 1

sin θ

∂Y`m

∂φ
+ η`m sin θY`m = 0

(
β`m + β̃`m cos θ

) ∂Y`m

∂θ
+ (α`m + α̃`m cos θ)

1

sin θ

∂Y`m

∂φ
+ ζ`m sin θY`m = 0

→ A`m, C`m, α`m, β̃`m, ζ`m eÐnai sunart seic tou σ kai twn sfairoeid¸n S, H

→ Ã`m, B`m, α̃`m, β`m, η`m eÐnai sunart seic tou σ kai tou toroeidoÔc T
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A`m

∫
Y`mY ∗

`mdΩ + Ã`m

∫
cos θY`mY ∗

`mdΩ + B`m

∫
sin θ

∂Y`m

∂θ
Y ∗

`mdΩ + C`m

∫
∂Y`m

∂φ
Y ∗

`mdΩ = 0

α`m

∫
∂Y`m

∂θ
Y ∗

`mdΩ+α̃`m

∫
cos θ

∂Y`m

∂θ
Y ∗

`mdΩ−β`m

∫
1

sin θ

∂Y`m

∂φ
Y ∗

`mdΩ−β̃`m

∫
cos θ

1

sin θ

∂Y`m

∂φ
Y ∗

`mdΩ+η`m

∫
sin θY`mY ∗

`mdΩ = 0

β`m

∫
∂Y`m

∂θ
Y ∗

`mdΩ+β̃`m

∫
cos θ

∂Y`m

∂θ
Y ∗

`mdΩ+α`m

∫
1

sin θ

∂Y`m

∂φ
Y ∗

`mdΩ+α̃`m

∫
cos θ

1

sin θ

∂Y`m

∂φ
Y ∗

`mdΩ+ζ`m

∫
sin θY`mY ∗

`mdΩ = 0

A`m + imC`m + Q`+1m

[
Ã`+1m − (` + 2) B`+1m

]
+ Q`−1m

[
Ã`−1m + (`− 1) B`−1m

]
= 0

` (` + 1) α`m − im
(
β̃`m + ζ`m

)
+ Q`−1m (` + 1) [(`− 1) α̃`−1m − η`−1m]

+ Q`+1m` [(` + 2) α̃`+1m + η`+1m] = 0

` (` + 1) β`m + im (α̃`m + η`m) + Q`−1m (` + 1)
[
(`− 1) β̃`−1m − ζ`−1m

]

+ Q`+1m`
[
(` + 2) β̃`+1m + ζ`+1m

]
= 0
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SqetikistikoÐ ìroi stic exis¸seic diataraq¸n

A = e−2ν+2λ (α1 − α2) r2mσ0$

B = e−2ν

[(
ρ

p
+ 1 + α2

)
r3mσ0

d$

dr

−
[((

ρ

p
+ 1

)
(Γ + 1) + α2

)
r
dν

dr
+

2

3

r

p

dµ

dr
+ 2 (α1 − α2)

]
r2mσ0$

]

C = e−2ν+2λ

(
α3

α1
− 1

)
r2mσ0$

D = e−2ν

[(
ρ

p
+ 1− α1

)
r3mσ0

` (` + 1)

d$

dr

−
[(

ρ

p
+ 1− α1

)
r
dν

dr
+

r

p

dµ

dr
+ 2

(
α1 − α2 + α3 +

α1α2

α3

)]
r2mσ0$

` (` + 1)

]

E = e−2ν

(
α1

α3
− 1

)
r2mσ0$

` (` + 1)

F = e−2ν

(
−4α1 +

(
2α3 − α2 +

α1α2

α3

)
` (` + 1)

)
r2mσ0$

` (` + 1)

G = e−2ν2α1 (`− 1) (` + 2)
r2mσ0$

` (` + 1)

H =

(
d$

dr
− 2

dν

dr
$

)
rm

σ0

I = e−2νr2mσ0$
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Idiosunart seic twn magnhtoelastik¸n modes (∆r/R = 0.70)
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Idiosunart seic twn magnhtoelastik¸n modes (∆r/R = 0.70)
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Idiosunart seic twn magnhtoelastik¸n modes (∆r/R = 0.70)
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Idiosunart seic twn magnhtoelastik¸n modes (∆r/R = 0.70)
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Idiosunart seic twn magnhtoelastik¸n modes (∆r/R = 0.70)
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Idiosunart seic twn magnhtoelastik¸n modes (∆r/R = 0.70)
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Idiosunart seic twn magnhtoelastik¸n modes (∆r/R = 0.70)
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Idiosunart seic twn magnhtoelastik¸n modes (∆r/R = 0.70)
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Suneqèc f�sma. Lower kai Upper talant¸seic
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Bl. p.q. Levin (2007), Sotani, Kokkotas & Stergioulas (2007)
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Exis¸seic diataraq¸n sthn prosèggish Cowling. Leptomèreiec

→ Tanust c enèrgeiac - orm c idanikoÔ reustoÔ: T β
α = (ρ + p) uαu

β + pgβ
α

kai grammik  diataraq  tou:

tβα = (δρ + δp) uαu
β + (ρ + p)

(
uαδu

β + δuαu
β
)

+ δβ
αδp

→ Kajar� peristrofik  kÐnhsh: uα =
(
ut, 0, 0, uφ

)
me: Ω = uφ/ut

tθr = 0

trθ = 0

tφr = Ωttr
tφθ = Ωttθ
tθθ = trr

→ Sqèseic orjokanonikìthtac: tβα = gαδg
βγtδγ

→ Sqèseic adiabatikìthtac: trr = δp = c2
sδρ
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