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MaglC in Words

@, MagIC solves for thermodynamic evolution,
fluid flow and magnet field generation

@, Domain = spherical shell

@, Region below and above domain treated as
boundary conditions or parametrized

@, Frame of reference rotating with system rotation Q
@, MaglC uses a dimensionless formulation

@, Poloidal/toroidal decomposition in employed

@, MagIC is a pseudo spectral code

@, MaglC uses a mixed impicite, explicite time stepping
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MaglC github
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MaglC homepage

Table Of Contents We lC ome

Welcome
= Quickly starting using
MagIC
» Documentation Formation of polar spots in a
= Contributing to the code fully-convective star model

o

= Giving credit Yadav, R. etal., A&A, 2015
This Page
Show Source

Quick search

| oce

Enter search terms or a module,
class or function name.

Get it/Run it

Contribute!

Numerical methods

Contents

MagIC is a numerical code that can simulate fluid dynamics in a spherical shell. MagIC solves for the Navier-
Stokes equation including Coriolis force, optionally coupled with an induction equation for Magneto-Hydro
Dynamics (MHD) and a temperature (or entropy) equation under both the anelastic and the Boussinesq

approximations.

MagIC uses Chebyshev polynomials in the radial direction and spherical harmonic decomposition in the
azimuthal and latitudinal directions. The time-stepping scheme relies on a semi-implicit Crank-Nicolson for the
linear terms of the MHD equations and a Adams-Bashforth scheme for the non-linear terms and the Coriolis
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Spectral and Grid Representation

o ey
Muu : Home Getit/Runit Contribute! Numerical methods Contents

Magic 5.2 documentation » next | modules | fortran modules | index

Table Of Contents Contents

Contents
Indices and tables » Get MagIC and run it
. o Download the code
Next topic o Setting up the environment variables
Inroduction o Setting up compiler options and compiling
This Page o Preparing a production run
« Formulation of the (magneto)-hydrodynamics problem
Show Source o The anelastic approximation
. o An adiabatic reference state
Quick search o MHD equations
_ o Boundary conditions and treatment of inner core
Numerical technigque
o Poloidal/toroidal decomposition
Spherical harmonic representation
Radial representation
Spectral equations
Time-stepping schemes
Coriolis force and nonlinear terms
o Boundary conditions and inner core
o Contributing to the code
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MaglC Structure

R —— . |

MagIC Start . .
fields on grid

calculate horizonal derivatives

transform from spectral to grid

grid output? grid OUtPUt
G-files,mov-files, ...

calculate horizona
transform from sp

id output n
-l mov-os, . non-linear terms
calculated on grid
: needed for explicit time step
non-linear terms
transform to spectral space

calculated on grid
needed for explicit time step 0 - 0

eansform to epectral space calculate horizontal derivatives

calculate horizontal derivatives

time step ¢, =ti+dt . —

update x=x(t,,) tlme Step ti+1 t1+dt

calculate radial derivative dx, u pdate X :X(t )
i i+l

calculate radial derivative dxi+1

spectral output
spectral output? spectra, total energies, ...

final output
time averages quantities,

V.
MagIC Stop
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Numerical Grid

%, Non-linear terms calculated on local grid

o, Gauss-Legendre grid points in latitude

*, evenly spaced grid points in logitude for FFT
e, special grid points in radius for FFT
n(k—1)

N, — 1

Coe =Cph(ar) =cos |7
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Horizontal Representation

* Spherical surface harmonics in longitude and latitude:
Y,/ "(0,0) = P, (cos0) e ime

27 T
/ @9 / sinfdo Y, (6,¢0)Yy" (0,0) = 0perd™™
0

o, Grid representatlon

r. 0, 0) Z Z Gem (1) Y,/ (6, 0)

(=0 m=—/¢
With degree and order up to 7.,
o, Spectral representation:

L [" |
Jom (1) = — / dfsinf g,,(r,0) P, (cos8)
0

—

/N

1 27T

S / do g(r.0,0) e ™2
2T 0
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Horizontal Transforms

1) FFT for ¢»m and m- ¢.
with N, = 2N, azimuthal grid points

2) Gauss-Legendre integration for 6+ €.

L

Jem (1) = i > wj gm(r,0;) P} (cos b;)
=1

with Ny azimuthal grid points
Clever vector multiplication ¢+ 6.
Recently both azimuthal transforms changed to SHTns.

3) Full dealiasing with ¢,,,.. = [min(2Ny, Ng) — 1]/3
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Horizontal Derivatives, two Examples

1) Horizontal Laplacian:

(0 +1)

m
AH Y;fi - 9

m
YE‘

,
2) Latitudinal derivative: O
Vo = sin —

. 00

Vo Py (cos ) = L)l | Plli(cosf) — (£ +1) ¢, P/ (cosB)

with
. \/ (L 4+m)(l —m)
Cp =

VN er=ner+1

so that
/ do sin 6 P9y Y P = (0= 1) f7y — (L+2) g £
0 ¢’
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Radial Representation

1) Chebychev polynomials up to degree

N
9em(r) = gemn Cn(r)

with C,(x) = cos|n arccos(zr)] —1<z<1

2) Grid points are the N_extrema of CN.,..—l ;

k—1
‘I‘/{COH(T(( )> , k=1.2,....N,

N, —1
so that

Chr = Cp(xg) = cos (
3) Thus fast cosine transforms can be

4) Dealiasing for N >N.
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Spectral Poloidal Dynamo Equation

1) Take radial component of the dynamo equation

0B 9,
(E) = giler B =

2) Plug in horizontal spectral representation of g . Multiply with
spherical hamonic, integrate over spherical surface and
use orthogonal relations:

radial diffusion

00+ 1) 0 1 (0 +1) 1 y
r2 [((‘% * Pm)\ r2 ) Cn - Pm ACy Jtmn

= NY :/dQ}Qm*NngdQng*er-D

m

nonlinear dynamo term
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Solving the Nonlinear Term

1) Calculate horizontal components of EMF F = u x B on grid:

f@ — U¢BT — UrBd)a st — ung — U,QBT
so that

1 [O(sindF 0F o
Ngzer'[vx<u><B)]:rsin9 (69 (b)_aqb

2) Transform these to spectral space: F,* Fs)'

3) Calculate curl in spectral space using recurrence relations:

J = (f -+ 1) Czn .F(b;n_l — Kcﬁl ‘F¢Z-L|-1 —m f"gzn

m

How does that look like in the code?
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Calculating Nonlinear terms

0) Master: riterThetaBlocking_seq.f90

1) transform_to_grid_spacein
rlterThetaBlocking.f90

2) Legendre transform:
legTFGin legendre_spec_to_grid.f90

do me=l,n m max

dm =D mcim(mec)

Im5=15top (mc)

vrES =ZEero

vrEL =Zero

dvrdtES=zero

dvrdtEA=zero

cbkrES =zero

cbrEL =zerq

'——— 8 add/mult, £9 dble words

do lm=l5tart (mc),lmS5-1,2
vrES =wrES + leg helper%dLhw (lm) * Flm(lm, nThetaMNHS5)
dvrdtEA =dvrdtEA + leg helperidlhw(lm)* dFlm(lm,nThetalHS)

3) FFT (internal or MKL) called in rIterThetaBlocking. 90

call fft thetab (gsa¥vrc, 1)
call fft thetab(g=sa%¥vtc,l)
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Calculating Nonlinear terms

4) Calculate nonlinear terms on grid: fields on grid

calculate horizonal derivatives

g e t_n —| . f 9 O transform from spectral to grid

f@ — uquT — urBd), f¢ = UT»BQ — U,QBT

nTheta=nThetalast non-linear terms
. - . calculated on grid
==" =
do nThetaB=1,=sizeThetab needed for explicit time step
nlheta =nTheta+l transform to spectral space
. N . . - calculate horizontal derivatives
nThetalH5= (nTheta+l) ,-’.-:I

or4snZz=or4 (nR) *osn (nThetallHS5) fime ctan t —f +dt

do nPhi=l,n phi max
thi=z3VxEt (nPhi , nThetaB)= orhol (nR) *ordsnz * |
thiz3vpce (nPhi, nThetak) *thi=z3brc (nPhi,nThetaB) -
thiz%vrc (nPhi,nThetabB) *thi=%bpc (nPhi,nThetabB) )
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Back Transform to Spectral Space

5) transfrom_to_Ilm_spacein

rlterThetaBlocking.f90 '§
6) Gauss-Legendre back transform: 3
0

legTFGin legendre_spec_to_grid.f9

do nThetaBl=nThetaMin,=zizeThetaB/ 2,2
nThetaBZ=nThetaBl+1
nThetal =nThetal+?Z
nThetaZ =nThetal+l

non-linear terms
calculated on grid
needed for explicit time step

do mc=l,n m max

ImS=15topP (mc)

F1ES1=f1ES (mc,nThetaBl

F1ESZ=f1ES (mc,nThetaBZ)

TI1IEAI=F1ELA (mc, nThetaBl

FI1ELAZ=FT1EL (mc,nThetaBZ)

do lm=l5tartP(mc) ,1lmS-1,2
EI1LM (1m) =F1LM { 1ra) +f1ES51*wPlm (1lm, nThetal ) +f1ES52*wPlm (1lm, nTheta)
FITM (1m+1)=f1IM({Im+1l) +f1EA] *wPlm(1lm+]l, nThetal ) +f1EAZ*WwP1lm (1lm+]l, nThetal)

end do

7) FFT back transform (internal or MKL) called in
riterThetaBlocking.f90

call fft thetab (gsaiVxBtr,-1)
call fft thetab (g=aiVxEBp,-1)
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Finish off Induction Term in Spetral Space

8) Calculate extra derivatives in Y

get_td.F90 called by nceded for oxplict e stp
. transform to spectral space

r‘ :[ t e r‘ T h e t a B -| O C k —| n g . f 9 O calculate horizotl:tal deri\I/)atives

J = (f -+ 1) Czn .F¢Zn_1 — EC?_LH f¢Z_1 —m .F@Zn

Im

do 1lm=1,1m max

dbdt (lm)= dThetals (lm)*thi=s$V«EpLM [1mES)
& —dThetall (1lm) *this3VxBpLM (1mPL)
& —dPhi (1m) #*thi=sfVxELIM [ 1mP)

dbdt (1lm)= -dThetall (1lm) *this3VxBpLM (1mPL)

& —dPhi (1m) #*thistVxBtLM (1nP)
end 3

9) Output is called dbdt (k, Tm)where k numbers the
radial grid points and Im the spherical harmonic modes.
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Everything in Spherical Harmonic Space!

Equations for each radial grid point and spherical harmonic mode!
No spatial derivatives left!

00+ 1) Ka 1 )\Z(€+1)> e L

r2 Ot * Pm r2 Pm

A C;{ ] 9eimn

:Ang:/dQnm*NngdQng*er-D

nonlinear dynamo term

How to deal with the time integration, i.e. discretization in time?
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MaglC Structure

The most time consuming part of the code!

operators, constants, ...

The Spherical MHD Code MagIC

fields on grid
calculate horizonal derivatives
transform from spectral to grid

grid output?

non-linear terms
calculated on grid
needed for explicit time step
transform to spectral space
calculate horizontal derivatives

time sten t =t+dt

grid output

G-files,mov-files, ...

MPS 2015



Time Stepping Scheme

Generic evolutions equation with
terms Z(x, 1) to be treated implicitely and
terms £(x,t) to be treated explicitely.

%m +Z(x,t) = E(x,t)

Implicite Crank-Nicolson type time step:

) = —aZ(x,t+t)— (1 —a)I(x,t)

(m(t + 6t) — x(t)
ot

Explicite Adams-Bashforth type time step:

(‘”(t i 52 - f”'(t)>E _ g £(x.t) — % E(x.t — 61)

Mixed time step:
z(t + dt)

ot

+aZ(x,t+dt) =

(1—a)Z(x,t) + ; E(x,t) — % E(x,t — dt)
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Poloidal Magnetic Potential Time Stepping

(Akn + « Ikn) 9imn (t + 5t) — (Akn - (1 o a) Ikn) gﬁmn(t)

3 1
+ 5 Epem (t) — 5 Epom (t — 0t)

1 (6(6451) o ;:k)

Ty

— /dQ }/ﬁm* €r - D(taTkagv ¢)

How does that look like in the code?
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MaglC Structure

The most important part of the code!

calculate horizontal derivatives

time step t, =t-+dt
update x=x(t,, )
calculate radial derivative dx.

spectral output

spectral output? spectra, total energies, ...

final output
time averages quantities,
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Poloidal Magnetic Potential Time Stepping

We already know how the nonlinear terms is calculated

dbdt (/{7, Em) = Erom

The time stepping matrix is
bmat (k,n,?l) = A, + aZpn,

Information from previous time steps:

1
dbdtLaSt(k, lm) = 3 gkgm(t — 5?5) — (1 — Oz) Lin ggmn(t)

Also used are the following expressions

Ot
0lold

odt = 1/8t , dTh(f) = £((+1) , or2(k) =1/r?

wl=-—1/2 , w2 =1—w2
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Update Routine

Putting it all together:

bmat(k,n,f)*b;1(n,fm) =wl * dbdt(k,fm) + w2 x dbdtLast(k,fm) +
Odt x dLh(¥) = 0r2(k) = b;(n, {m)
=rhs(k,{m)
The time stepping matrix is stored in an LU-decomposed form.

All done in module updateB.90:
1) Defining the rhs:

do nR=2,n r max-1

rhsl (nR, lmE, threadid)=0.0 cp
rh=2 (nR, 1lmB, threadid)=0.0 cp

else

rh=l (nk, 1mB, threadid)= ( wl®*dbdt (1lml,nR)+wZ2*dbdtLast (1lml, nR) )
& + O dt*dLh (st map¥lmd (11,ml) ) *or (nk)*b (1lml,nk)
rh=2 (nk, 1mB, threadid)= { wl®*djdt (lml,nR)+wZ2*djdtLast (lml, nRk) )
& + O do*dLlh (st map¥lmd (11,ml) ) *ord (nR) *aj (lml,nk)
end if

end do
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Update Routine

2) Solving the linear equation system:

call cgeslML(bMat(:,:,1l),n r tot,n r real, &

bPivot(:,11l),rh=l(:,1mB0+]1l:1mE, threadid),2*n r max, IlmE-1mB0)

3) Result is in Cheb-space!

4) Calculate and store radial derivatives in Cheb-space:

call get ddr(b,db,ddb,ulmMag-llmMag+l,start lm-llmMag+l, &
stop lm-llmMag+l,n r max,n cheb max, &
dbdtLast,djdtLast, chebt oc,drx,ddrx)

-

i
T
ix

5) Calculate and store dbdtLast(k,¢m) for next time step:

do nR=n r cmb,n r icb-1
do lml=lmStart 00, lmStop

11=1mz1 (1ml)

ml=1mzm{ 1lml )

dbdtLast (1lml,nR)= dbdt (1lml,nR) -
coex*opm*lambda (nR) *hdif B(st map?lm? (11,ml))*

dLh (st map¥lmZ (11,ml))*orZ (nk) *

( ddb(1lml,nR) - dLh({st map%lm? (11 ,ml) ) *ord (nk)*b(1lml, nk)
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Mode Methods

*, Adaptive time step according to modified
Courant-Friedrich-Levy criterium.

o, Coriolis force treated explicitely.

* Transform on cylindrical grid for output possible.
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