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How does rotation
affect pulsation?
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Third-Order Perturbation Theory

F. Soufi et al.: Effects of moderate rotation on stellar pulsation. I 923

W = ey VY, (quw +(1- Pz)%%) The a; quantities in F above are defined as:

. ag =6-U (('+zm) +Co3 U

1,.d9? rx - x dlnr
= 375 Wz Y VY +y 2 Yo VaYy) VP,
ay = —2Uy,
(B9)

with P, being the second order Legendre polynomial and a3 = —2Uwq + 20 vg + (U — 4)(cq + 2Mg2q) + 540 B16)

Ao o : - .
wi = (b ez 4 L Loz P BL0)  qy = 20w, + Ap(4 — U)s, + 2y (A& — 3)(4 — U)

The detailed expression of Dy, involves derivatives of den- (A A, + 6) 4, C 2, 2(‘ 305 it . .
sity which tend to magnify surface effects and can introduce - B T Ag T ) Uet 0 A7)V 0q,0q W f | t b t t h | | t
inaccuracies in the computation of the frequencies when the at- a5 = Col (U—6)(A —3) e ee e r u r a I O n eo r Ca C u a I O n S a re
mosphere is poorly described. This is particularly true for high o o :
overtones which are more concentrated toward the outer lay-

c N N A )\1\» -
ers. Density derivatives are therefore eliminated by means of ag = 2014,0(1 — din,0) (A —3) (!Ik — 2z, — v, (7(72) t | | f | U d bt d | t h f 2 D
integrations by parts and with the use of the following relations: . a7 S I u Se u = n O u e y, e u Se O
For shortness, we have defined:
dl'ipA L TT(TT . i
== = —pggq; q=c—yh Y =6+UU-3)+4-U)1-U
7 POt g yeh ®11) U=3)+(4-0)1-0)

¢ yOP ) r L, hydrocodes| will ultimately be unavoidable, but

As aresult of integrations by parts, one finally obtains:

s =y—y+v; A=Vy(y—uy+v)

PR then it will be very helpful to have a code based

., _
Dyq = wo (u%) (%..1,, D1+ Qig2 (D2 + 2771%D‘;))

(B12) di = rluy; dy EI% by = %r ar i
with (B17) . .
o= 8 v e et e o o pericly e on the perturbational approach for comparisons
Dy = 5(} [ drpr? %(Dql;- + Diy) (B13) numerical integration of the system Eq. (17).

Integration over 6, ¢ imposes selection rules upon the de-

s = ) o Dok at moderate equatorial velocities where both are

where ) Qrgz = [sin6 d do Y'Y, P,
Dskg = MeYiqg + 5UkYeg(U —4) . 19
=0,,0 3611442 BrBa1 + 300,0,—2 Brs1By (B1S) | d
. _ = Ol 1y Chk2 + 501 1g+2 PkDg 501k lg—2 Pr+15¢
+ %Cn’({ (ykyq + (A = 3)z124) 15111?12 Va I n

3 s . — 3m?
Qkkz = ‘% (B Jﬂ%)*%: \lkhi—i";

_ i(us)(:ﬁyq)coﬁ(w —2z) B14) e ol cocticion o8 — B S f I 1 9 9 8
bR 30 M+ (B 3, oo o ourl et al. ( )
Aq 9 wh = (w”) (woJy’ +mQJP+ (B19)
Dy = —(diFy + doFs + 17202 F5 + 72b3 yi.sy) mQIP (Cp—1— J1))
and with
Fi = yryqar + Apag + asyr + aszi + aszkzq + asyq Jf = Jon1 — Qo Jop
(B20)

Fy = ypy (U — Col) + Yal2wy + (4 = 20) sk, — qi)
24 [Ag (v — yi) + (A — 6)ysy,] — Cod (A — 3) 2 24
Fy = Cod(uate + 221 (A~ 3) +yps(U +6)  B1)

+(Ap — Ay +6)zpy, + (6 — 21\)2,,,.1:(1

Py aInT
2y — s (L)
»

JP = —Qur2 J3pa
and

Japp = 2*1[ Jdrpr* by y?

Jopo = % [ dr pr? ((IlFl +daFy + 1r2bo Fy + "beF—l)
J3p1 = % [ dr pr? Dy
(B21)

IAUS 301 — August 2013




Non-Perturbative Technigues

» Solve PDEs directly

Savonije et al. (1995); Clement (1998)

» Expand in Y/" expand, solve coupled ODEs

Durney & Skumanich (1968); Lee & Baraffe (1995); Reese et al. (2006);
QOuazzani et al. (2012)

» Ray tracing (acoustic waves)
Ligniéres & Georgeot (2008)

» Traditional approximation (gravity waves)

Berthomieu et al. (1978); Bildsten et al. (1996); Lee & Saio (1997);
Townsend (2003); Dziembowski et al. (2007); Mathis et al. (2008)
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p-Modes in Rapidly Rotating Stars
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Frequency Reorganization
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Frequency Reorganization: p-Modes
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The Spin Parameter

Vv =—2—
Wc

...a measure of how much the star turns
during one oscillation period

Inertial regime: v > 1
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The Traditional Approximation

» Neglect the Coriolis force arising from the
horizontal component of the rotation vector

» Valid when wc?, 2 <« N? (g-modes)

» Pulsation equations identical to non-rotating
case (with Cowling approx.), except:

f(é —+ 1) — )\g,m(v)
Y7 (0, 9) — Oy m(0; v) exp(imep)
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V. On the Application of Harmonic Analysis to the Dynamical Theory of the Tides.—
Part 1I. On the General Integration of LAPLACE'S Dynamical Equations.

Bg/ S. S. Houven, M. A., Fellow of St. John's College and Isaac Newton Student in
the University of Cambridge.
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The Equatorial Waveguide
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Frequency Reorganization: g-Modes
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Townsend (2003)
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Note: NOT for prograde sectoral modes
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Frequency Reorganization: Equatorial Kelvin Modes

We X M
n

» Become prograde sectoral g-modes in non-
rotating limit

» Geostrophic: 8 Coriolis force balances 6 pressure
gradients

» Independent of rotation rate

» Azimuthally dispersion-free (a0 Oph?
KIC 80541467)
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Azimuthal Dispersion Diagram
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r-Modes

» Rotating versions of toroidal
modes

» Propagate by conservation
of vorticity (lseang
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» Almost incompressible

» No temperature perturbations

» Difficult to excite by heat eng.

W RS IAUS 301 — August 2013

17




Frequency Reorganization Revisited
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Rosette Modes: A Cautionary Tale

Lowest frequency modes
m= -1 m= -1 m= 0 1

Q=020 0=17199,m=-2__ Q =020k 0=17203,m=-1__ Q=02Qk, w=17198, m=0 Q= OZQK w= 17168 m=1 1 Q=0.2Qk, w =1.7094, m = ’
1e-01 1e-01 1e-01 1e-01 1e-01
1e-02 H1e-02 1e-02 1e-02 1e-02
1e-03 1e-03 1e-03 1e-03 1e-03

Q =020k, w = 1.7230, m = -2 Q=020 w=17225m=0 Q=020k 0=17199,m=1__ Q=020k 0=17172,m=2
1e-01 1e-01 1e-01 1e-01 1e-01
1e-02 1e-02 1e-02 1e-02 1e-02
1e-03 1e-03 1e-03 1e-03 1e-03

Takata & Saio (Poster #66)
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Mode Visibilities

» With rotation:

» mode visibility generally
decreases

4 often, modes are more

<d,>

visible from the poles

» amplitude ratios become
dependent on m and |

» More recent studies:

» Daszynska-Daszkiewicz et
al. (2007)

» Reese et al. (2012)
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Differential Rotation: Critical Layers

Doppler shift: wc(r) = W — mQ(r)
Dispersion relation: k2 ~u k%&
r w%
mS(r) — w
we(r) — 0
k, — o0

...the wave will be strong damped (absorbed) at the critical layer

(see poster #39)
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How does pulsation
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Angular Momentum Transport by Pulsations

"...prograde modes can carry angular momentum from
wave excitation regions to wave dissipation regions, and
retrograde modes can do the contrary.”

Ando (1983)
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Uniform Rotation of the Sun’s Interior

nHz __days
450 - 257
400 + 28.€
350 ++ 33.1
o 300 . 38.6

...evidence for J extraction by stochastic g modes?
(Talon et al. 2002)
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Reynolds Decomposition of

Azimuthal Momentum Equation

d, __ 1 9 d, — 00’
Change in Divergence of J Change in Gravitational

shell J Luminosity wave J Torque
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Angular Momentum Luminosity

(angular momentum passing per unit time through spherical shell)

Ly = 4nr (w(pViVi, + Vo'V, + P'ViV,))

|l

Reynolds Stress Eddy Mass Third Order
Flux Flux Stuff
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Example: L, in a Massive MS Star
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Amplitude Limitation via Interaction with

Rotation?

Unstable » Stable
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Just this year...

» Rogers et al. (2013): massive stars
» Alvan & Mathis (2013): critical layers (also, Poster #39)

» Mathis et al. (2013): interactions w/ other
transport mechanisms

» Charbonnel et al. (2013): PMS stars
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Summary

» The pulsation-rotation interaction is tricky!

» Nevertheless, much progress in past decade:

» 2-D numerical modeling becoming widespread
» Complementary tools are also emerging

» Interest in J transport is taking off

» Crunch time: theory vs. observations

W RS IAUS 301 — August 2013

30



