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Equilibrium model: analytic theory

Perfect fluid:

v

Tg = (e + p)u”us + pdy

Pure rotation:

v

v=At+ Q). u,=—E (o] -£5).

v

Conservation laws:
Vo (ou®) =0, V, Tg =0.

QVve
(e—l—p)a—i—Vp-O, a—VIHE—m.

This can be integrated if p = p(n), p = p(n) to

Q
v=enl- [ 25,
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Equilibrium model: construction

Von Zeipel cylindres:
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Lane-Embden function (polytropes):
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What limits torus sizes?

0.12

0.10

o
=)
)

Spin dependence

10

o
=)
=)

0 i

Sound speed ¢

0.04

0.02

c©O N A O ©

.0 02 04 06 08 10

6 8 10 12 14 16 18 20
Radius ry[M]

o P = = z 9ac



Maximal torus in Schwarzschild spacetime




Perturbations
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Perturbations

» Perturbation of conservation laws

Vol (pu?) =0, V6T =0.

Introduce
~ 6h
O=w-mQ, m=m-{w, n=+
i 1
—1dU + ’}’35U¢ + ZV?] =
—i@éuy +y1-Su+imEn =
1 imE _I0A
— V- (pRoU) + —;0Uy — —1n =
R (pRsu) + AR Z "
» 3 poloidal vectors:
Y1

= E?V¢, y2=VQ, y3=vyp-

A2R2’



Papaloizou-Pringle equation

Perturbation variable

The Euler equation gives

i maE
=—|P- VW +y,——W|,
ou h[ Y ADR? ]

1. ~ ~2
Uy = —E[(u)q VW — MAE (&% + 4 - 72) W/,
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Papaloizou-Pringle equation
Continuity equation gives

h _(pR Ad pME M?&H?E?  A%0?
v (f8p . yw|| 22y . W—o.
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For constant angular momentum tori:

h _ (pR A202  fRE2
—v.[Evw ———|w=
i i

O=w-m), m=m-~{w

quadratic eigenvalue problem:

£W+(w—mQ1)(w—ng)W:0,
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FEM implementation

Diskretized form [¢p(x) = test functions]:
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RESULTS

axisymmetric modes

o = = = T Dace



Axisymmetric modes
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Axisymmetric modes
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RESULTS

non-axisymmetric modes
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Cusp tori as model for NS QPOs
» Identification of the two high-frequency QPOs:
vo = Qr0), i = Wrad,m=1(r0.8)

» Slender torus: v; = Q(ro) — wr(r)
» Sequence of cusp-filling tori: 8 = Bmax (o)

Vu = Q(I’()), V] = Wrad,m=1 [rO,ﬁmax(rO)] = Vl(rO)

= one-parametric relation between v, and v;.
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Cusp tori as model for NS QPOs
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Radial precesion (m = 1 radial mode)
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Mode merging (m = 1 radial modes)
Radial modes (ry =10, a=0.0)
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Mode merging causes instability
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Overreflection = Neutral modes.
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Mode merging (m = 1 radial modes)
Radial modes (ry=9.0, a=0.5)
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Cusp tori, dashed — analytic predictions of Straub, Sramkova, Blaes



