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Non-linear models



Equations of hydrodynamics

0
6_? + V. (pv) =0 Conservation of mass
o . .
p(a + U - V) Uv=—Vp—pVo Conservation of momentum
Op . op . .
P + plv- (Vp)| = Flp@ +p|U- (Vp)] Conservation of energy
p density V20 = 4nGp Equation of Poisson

p pressure
v velocity
® gravitational potential

I'y first adiabatic exponent



Equations of hydrodynamics

f(7,t) = fo(r) + (7, 0)

small perturbations of the variables 2nd order of perturbations
dp’ — / ey : :
o +V-(pov)+V-(pv")=0 Non-linear conservation of mass
a = /
(po + ) (,; Fpo(0 - V)T = =Vp' — (po+ p') VO — p' VP, Non-linear conservation of momentum
/ ap, / — / / / /
(po+ ") 2+ polt” - (Vpo) + 0 (V)] + o0 - (Vipo)] =
9,/ Non-linear conservation of energy
p )
C1(po + ') 2=+ pol0 " (Vpo) + 77 - (V)] + p'[T- (Vo))

V20 = 4n Gy’ Equation of Poisson




Equations of hydrodynamics

dp dp' |
— + V- (pt) =0 « Continuity — + V- (pod )+ V- (p =0
ot (P¥) ! ot (Po?7) +|
a i b " r '|I | ¥ ’
P\ 5 +U-V |v=-Vp—-pVo « Conservation of momentum —  (pg + —— ||~ Vo' | =
rL i
- ?;uf — I:,ﬂn == Vo' |— [;’?{pn
HI_] - ﬁf_} - . i i .I'I'_..- ., - :
P oy +plv-(Vp)] =T, Py + p|v-(Vp)] + Conservation of energy — (pg +| ') -t polt’ - (Vpo) +‘ 7 (Vp') [+
7L s
i .-'I."-': — 0 f §
]__Il{j'Jn—F ,-'-":II : -|—ﬂ|_][”i!;"r {vﬂn}—F‘ (i V) u —{—‘

Vi = 4nGp +— Equation of Poisson —+ VZ®' = 47Gp’



Equations of hydrodynamics

dp _. L
5 + V- (pt) =0

i)
Iy (% + - ‘F) v=—-Vp—pVe

dp e ] ~dp =
pm +plv- (Vp)| =T, pm + p v (Vp)]

V2 = 47Gp

« Continuity —

« Conservation of momentum —

+— Conservation of energy —

+— Equation of Poisson —




Approximations

No rotation \\// Adiabaticity

N— N—
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No magnetic



Evaluation of non-linear terms



Evaluation of non-linear terms

¢ Scheme from Unno et al. (1989) and Aerts et al. (2010) -
Spherical Radial § ’: F—p = & ,—|— En displacgrrient vector |
symmetry " modes fi(t,r,0,0) = f(r)Y,"(0,¢) e perturbed variable

 Var
¢ 1.5 M equilibrium model obtained with CESAM
| Linear adiabatic system )
¢ 1.7M equilibrium model obtained with MESA, of equations
PMS to post MS




1.7M evolutionary track

¢ 1.5 M equilibrium model
obtained with CESAM

¢ 1.7M equilibrium model
obtained with MESA,
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Radial modes Conservation of mass

8 /
ai V- (poB )+ V- ()T =0

or Var Or > VAam r Vamr  Or

2
/ |
p_+por&ﬁ' or



Radial modes Conservation of mass
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Radial modes Conservation of momentum
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Radial modes Conservation of momentum
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Orders of magnitude
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Radial modes

dap
dt
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Radial modes Conservation of energy
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Orders of magnitude
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Energy Energy
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auwarkin

Dimensionless equations progress

Development of a non-linear
h“ pulsational code for radial modes.
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Non-radial modes



EXPANSION IN TERMS OF
PERTURBED THE DISPLACEMENT

EQUATIONS 2 VECTOR

Up to second order (Radial and horizontal part)

3 RADIAL MODES

Angular dependence is a constant.

SOLVE COMPLETE NON- EVALUATION OF THE
LINEAR EQUATIONS 4 NON-LINEAR TERMS

with the relevant terms Order of magnitude




Final remarks

€ We have expanded the basic equations of hydrodynamics up to the
second order of perturbations.

€ In order to study and evaluate the non-linear terms, we have studied
radial modes.

¢ [n the continuity and momentum conservation equations, we found a
difference of two orders of magnitude between the terms. This difference
1s not enough to ignore those terms.

€ In contrast. in the conservation of energy, there are two clearly negligible
terms ( ~ € ) which simplity the non-linear expression.

€ Next step: analyze the differences in certain regions of the star between
specific terms of similar orders. Development of a non-linear pulsational
code for radial modes.


https://www.uv.es/uvweb/universidad/es/ficha-persona-1285950309813.html?p2=mirosan8&idA=
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MESA model 1.7 M

23.05.1 version MESA

M=1.7 M
7=0.0142 Asplund et al. 2009
Y=0.02703

No overshooting

Red and blue lines are two different
estimates of the location of the
instability strip limits.
Grey-black-tan line ->evolutionary
track

pink crosses -> available protfiles.
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CESAM model 1.5 M

e CoRoT ESTA exercise.

e Opacity: OPAL

e Atmosphere: Eddington

e Solar mixture: Greveese & Noels
e Nuclear reaction: NACRE

e Mixing length a=1.8

e Overshooting: No



Boundary conditions

e Inner:

Boundary conditions : s — 14 = 0
Unno et al. (1989) aw?

3 IR
Y1 = -

,

1 /9 f e Outer:
Y2 = —( - D )

gr \po (+1)ys+ya=0

1 , Y1 — Y2 +y3 =0
ys = — P

qgr

1 do L
Yy = e Normalization:

g dr



Python package

r

Boundary condition function

Python package: scipy <

System of linear adiabatic equations
function

-



Po P’

Radial modes
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Radial modes Conservation of energy
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p density p density

p pressure p pressure

v velocity v velocity

® gravitational potential ® gravitational potential

I'y first adiabatic exponent I'y first adiabatic exponent

f(7,t) = fo(r) + f(¥,t) small perturbations of the variablgér, t) = fo(r) + f/(7,t) small perturbations of the variables

vg = 0 vg = 0

é’ —=1r —rg displacement vector é’ —=1r —rg displacement vector

T d_g perturbed velocity v = d_g perturbed velocity

[ =0 [ =0

5 — 7y =& + { displacement vector 5 =7 —7rg = {f; + 5_;; displacement vector

f'(t,r,0,0) = f'(r)Y™(0,0) et perturbed variable f'(t,r,0,0) = f'(r)Y™(0,0) et perturbed variable
1 1

1= 0 Y0(0,0) = —— 1= 0= Y0(6,6) = ——

\/ZE



Non-linear continuity

Non-linear conservation of momentum

Non-linear conservation of energy

Non-linear equation of Poisson
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