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1 Resistive MHD equations
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E+vxB=nJ
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There are 8 variables (p, v, B, p) and 8 equations (1), (2), (3), and (4). The
number of variables can be reduced to 7 using (7). J and E can be derived from

them using (5) and (6).



2 Resistive MHD equations in toroidal geome-
try

In (R, Z, ) coordinates

2.1 Decompose v into (u,x,v,), we have

v:R%Vungo—&-Vj_x—l—vg,gb

2.2 Decompose B into (¢, 1), we have

1
B:V¢XV@+EVLF+ROIV¢

2.3 F equation

V2F = —%f’, withp= 2L - B

—B,=1+¢€l.
a(p RO 2 +6 (8)

2.4 Expression for J and C

. 1 1
J=Jpp+ VI x Vo= 2V F x Vot V.10

1 0F
= C=-{A"p+ -0
fly==C=—HAW+ 35,
2.5 & equation
From V-B =0, we have B =V x A and
8—A:—E><V<I>
ot

Using V - A =0, we can derive the equation for ¢

Vo=V, E, E+vxB=nJ, ie.

Vie = evj-vLquiU—vL(%)-vw—%A*w
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3 Scales and Variables using in M3DP

() = code variables
V=19V, v, = eBO/pé/2 =eva (va is the poloidal Alfven velocity)

e=a/Ry

B = BB

l=Lol,Lo=a

P = pop, po is simply p of where we choose v 4
p=€eB3p

U= €’UoU

2
writing p = po%d, the only changed equation is (2), which now looks like

2 2 2
Ccll_‘t’ = %J x B — %Vp—k M%VQV with p= ;ﬁm“a%g (10)

rh: d rhi, rho: é

a,aold ,aa : chi, chiold : x simpf, bigf: F xphi: ®

ei,eiold, si: T bigi: I vphi: v,

xgram : -y rmu: p etas: n

rplsl: R rnegl: %

lap_a: V2 ) lapu: V2 u lap_chi: V2 x lap_phi: V2 ¢ lap_F:

V2 F



4 The 7 time-dependent equations solved in M3DP
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Instead of finding C' = A*y + %g—g, we define a new variable

Co= A" = V3
and solve the follwoing equation

0C,
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4.3 expression for v
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for an artificial ”sound” velocity v,.



5 Quasi-implicit treatment of certain terms for
stability

The time evolution equations that are of the form
0A
ot

are treated quasi-implicitly.g(R, Z, ¢, t) is a multiplier of V2 A and has different

=9(R.Z,p,t) VIA+- (21)

forms in different equations.
Advancing time from ¢ to ¢t + At time level

= A

we have

DA, (A1 Am)

ot At
and the solution of eqn.(21) becomes the solution of the following poission-type
equation for A"H!

A" At g(R, Z,p,t) V2 AT = A" [

i.e.
(I - At-g(RZp.)VE) A = A" 4[] (22

If we go one step further

(m _Vi) (At - g(R, Z,p,1)) AL — gn 4 [}n

(VQ _;) (At-g(R, Z,p,t)) An+l (AN [ (23)
L7 At-g(R, Z, ¢, 1) 9(R. Z, ¢,
(V- srgmzgn) 7w 4= =G e

The poission operator

I
2 s —
<VL At-g(R, Z, w))

is inverted by the following subroutions, which vary since ¢g(R, Z, ¢, t) varies.



e poisvmu(aa, bb, isu, ibc, dtt, ss) solves
isu=1 : (del.del.- 1/dtt/ss(r) )(ss(r)*aa) = bb
isu=0 : (del.del.- 1/dtt/ss(r) )aa = bb
b.c. ibc = 0 : a(ld,k) = 0.0
ibc = 1 ; a(ld,k) = a(ldb,k)
ibc = 2 : a(ld,k) from wa(ld,k)
bb(l, k) = -bb(l, k) * ( dtt * ss(1) ); wssl(l, k) = ss(l)

call poismc(aa, bb, wssl, dtt, ibc, 0)
if( isu.eq.1 ) aa(l,k) = aa(l,k)/ss(l)

poisvmul(aa, bb, isu, ibc, dtt, ss)

call poisvmu(aa, bb, isu, ibc, dtt, ss)

e poisvmu3(aa, bb, isu, ibc, dtt, ss) solves
isu=1 : (del.del.- 1/dtt/ss(r) )(ss(r)*aa) = bb
isu=0 : (del.del.- 1/dtt/ss(r) )aa = bb
b.c. ibc = 0 ; a(ld,k) = 0.0
ibc = 1 ; a(ld,k) = a(ldb,k)
ibc = 2 ; a(ld,k) from wa(ld,k)
if( isu .eq. 1) bb(l, k) = -bb(l, k) * dtt; else bb(l, k) = -bb(l, k) * ( dtt * ss(L,k) )

call poismc(aa, bb, ss, dtt, ibc, 0)
if( isu.eq.1 ) aa(l,k) = aa(l,k)/ss(1,k)

e poisvmun(aa, bb, isu, ibc, dtt, ss) solves
isu=1 : (del.del.- 1/dtt/ss(r,k)/hmt )(ss(r,k)*aa) = bb
isu=0 : (del.del.- 1/dtt/ss(r,k)/hmt )aa = bb
b.c. ibc = 0 ; a(ld,k) = 0.0
ibc = 1; ald,k) = a(ldb,k)
ibc = 2 ; a(ld,k) from wa(ld,k)

call poisvmu3(aa, bb, isu, ibc, dtt, ss)

e poisdmd(aa, bb, ibc, dtt, ss) solves
(del.ss(r)del.- 1/dtt/hmt )aa = bb
b.c. ibc = 0 ; a(ld,k) = 0.0
ibc = 1; ald,k) = a(ldb,k)
ibc = 2 ; a(ld,k) from wa(ld,k)
ibc

3 ; the second gradient at the wall approximatly 0

call poismec(aa, bb, wssl, dtt, ibc, 2)

e poisdmd0(aa, bb, ibc, dtt, ss) solves
(del.ss(r)del.- 1/dtt )aa = bb
b.c. ibc = 0 ; a(ld,k) = 0.0
ibc = 1 ; a(ld,k) = a(ldb,k)
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ibc = 2 ; a(ld,k) from wa(ld,k)
call poisdmd(aa, bb, ibc, dtt, ss)

poisdmd_n(aa,bb, ibe, dtt, ss) solves

(del.ss(r)del.- 1/dtt/hmt )aa = bb
b.c. ibc = 0 ; a(ld,k) = 0.0
ibc = 1 ; a(ld,k) = a(ldb,k)
ibc = 2 ; a(ld,k) from wa(ld,k)

ibc = 3 ; the second gradient at the wall approximatly 0

bb(l, k) = bb(l, k) / ss(l)

call poisvmu(aa, bb, 0, ibc, dtt, ss)

lopoismu(aa, bb, isu, ibc, dtt, ss)

solves

isu=1: (del.(1/R)del.- 1/(dtt*R*ss) )(ss(r)*aa) = bb/R
isu=0 : (del.(1/R)del.- 1/(dtt*R*ss) )aa = bb/R

b.c. ibc = 0 ; a(ld,k) = 0.0
ibe = 1 ; a(ld,k) = a(ldb,k)
ibc = 2 ; a(ld,k) from wa(ld,k)

bb(l, k) = -bb(l, k) * ( dtt * ss(1) ); wssl(]l, k) = ss(l)

call poismstc( aa, bb, wssl, dtt, ibc, 0 )
if( isu.eq.1 ) aa(l, k) = aa(l, k)/ss(l)

lopoisma(aa, bb, isu, ibe, dit, ss) solves
isu=1: (del.(R)del.- R/(dtt*ss) )(ss(r)*aa) = bb*R
isu=0 : (del.(R)del.- R/(dtt*ss) )aa = bb*R

b.c. ibc = 0 ; a(ld,k) = 0.0

ibc = 1 ; a(ld,k) = a(ldb,k)

ibc = 2 ; a(ld,k) from wa(ld,k)

ib0 = 3; if( ibc .eq. 1) ib0 = 4
if( isu .eq. 1) bb(l, k) = -bb(l, k) * dtt;
wssl(l, k) = ss(1)
call poismstc(aa, bb, wssl, dtt, ibc, 0)
if( isu.eq.1 ) aa(l, k) = aa(l, k)/ss(l)

else bb(l, k) = -bb(l, k) * ( dtt * ss(1) )

11



e poiss(aa,bb,ibe, ibc2)
Laplacian ( wa ) = wb, i.e., S * wa =M * wb
ibcl = ibc; if(ibc =3 ) ibcl = 1; if(ibc =4 ) ibcl =1

call poissc(aa, bb, ibcl)

e lowpois(rneg0, aa, bb) solve for u iteratively.
del squared(u) = known; u = 0. on the boundary
The full del operator is used: bb = del4 aa = (1/R) (del . R del) aa ( R = rmajor + xH(l))
callpoisdagc(aa, bb, 0)

e lowpoisa(rneg0, aa, bb) solves for a iteratively
del star(a) = known current; a = given in main prog. on the boundary

callpoistarc(aa, bb, 0)

12



6 Subroutines related to the 7 time-dependent

equations
Vaiables to be solved

rh;u,w, lap_u, dudt; si, bigi, p, chi, chi_z, chi_y, lap_chi; vphi; xphi, lap_phi; c, cq, a, lap_a; big f, lap_F

6.1 RHOEQN solving (18) for d ( m3d/code/m1.F)

od
 — _RH
o RHS + pkkk

slove it explicitly
d"tt=d" — At- RHS"

where RHS™ =

n * . \n 1 avg n n A n " 'Uz od»
d [(A X):((VJ_X)"—%%)—FE%]—’_GRVLd xV U p+V 1 x"V,d +E%

Used variables: chi,lap_chi,vphi,rh,u at nth time leve.

1. form RHS™ = tally
2. form d" — At- RHS™ = rh

3. if pdissf is turned on

2 2
form %{w = wb
call poisvmu(wa, wb, 0,0, At, pdissf) in mparl.F to solve

A" — At - pdissfV3d"T = rh

I il —rh

v Ly
At - pdissf At - pdissf

for wa
form new d"! : rh = wa + R*/R3

4. fix rh at origin by calling fixo(rh). rh now is the newly updated d"*+!

5. call defvar to define variable before each time step.

6.2 WEQN solving (14) for w = A'U (in m3d/code/m1.F)

call weqn(w,wo,si0,a0,po,doo,qo,chio,vphio,dt,1,dudt)
weqn (wnow,wold,einow,aold,pold,dnow,qold,chinow,vphinow,deltat,istep,dutt)

ow
YT RHS + uV2w

13



slove it explicitly
w"t = w" + At- RHS"

where RHS" =

n) Ran ()]—FRVLanVLp %)
+€RV, U™ x V w ¢+%%—”— "(2e% + (ATO"

<

,Un ,Un 'VL
+2Ry 2 0 Ve _fv

fe e —wfww%w%wfw)m(‘”’ggw

Here I am not sure d; is % or dn%

Used variables: rhi, c, bigi, po, u, wo, lap_chi, chio, vphio at nth time leve.

1. form RHS™

2. form w™ + At - RHS™ and save it in variable wnow

3. fix(wnow). wnow is the newly updated w™*?!.

4. if rmu and ibl3 (i.e., low [ option) are turned on

form At - rmu - 11%6“18’}?” and add it to wnow. w"*! is updated agian.

5. if rmu is turned on
—wnow 3
At as a variable wb
call poisvmu(wnow,wb, 1, ibx, At, rmus) in mparl.F to solve

form

w"t — At pVA "t = wnow

I —wnow
VQ - n+1 _
(VI- A7 ﬂ)(uw Ar
for wnow, i.e., w"t! which is updated again
6. fixo(wnow). wnow is the newly updated w™ e., (ATU)"*1,

7. save u" = dutt

8. call lowpois(%,u, wnow) to solve

R
AU = wnow
for unt?

9. calculate %{Un, Le., ()1 = dutt, which is dudt outside of WEQN

10. set u™*! = 0,w"*! = 0 on the boundary or ghost cells which are not clear
right now

. n+1l n+1
11. form lap_u, i.e., (V3 U)" !, from wnow— 4 a%R , e, (AJ‘u)"“f%‘MW

14



6.3 CHIAIAP_3 solving (11), (16)-(17), (19) for (I,,p)
(in m3d/code/m1.F)

call chiaiap_3(chio,sio,a0,po,peo,vphio,wo,dudt,chi,si,p,dt)
chiaiap_3(chit,sit,aa,pt,pet,vpht,ww,duut,chin,sinn,pn,sdt)
Rewriting the evolution equations as

dp

5% Sp — ypATy (25)
oI
5 = T2 — IN*x +nA*T (26)
9, 0x, R} 0 I’ R?0p R%_, 0Ox
alor) = M aar's) " qar T a Vi GR (27)
d , dx Ry & I’ R*0p R Ix
sz = P wez's) " aez traViz)
solve them quasi-implicitly
Nywer _ (OXn W Bo O P ROpTE R, O9x
MNymn _ (X CB§ O P RPOpTE RO, 0
Gz = (Gz)" + 8T~ az(F) T oz T Vil B0

1. its = 0,rhdo = rhi
2. AtJy is formed under ”calculate xjay4” and saved as xjay4, where

n o (oU GU"“ ol oY w2
Ji = _€R8z< ) B 0z R OR ' R

8F" L dun'\ L Cm (OFT oy
+d_” B z>+_(3z_8R>
Ox R*0p R3O I* .
Vi vl(@R R ) ToR dopa TR WY

Used variables:dudt, u, w, chio, ¢, vphio, big f, bigi, ao, sio, pold,ri = 1 4 € - sio.

R 9p R20p _ R20p imi

T op s formed as 4R R and therefore cancelled. similarly,
Ri o 1*

d DR 2 *

3. AtJ3' is formed under ”calculate xjay3” and saved as xjay3, where

: o (oU 6U”+1 v Ox™
Ji = R@ (_) R 0z
| _ oF™ aw cn (OF  ayr
+d—" “ ( ) @ <aR + az>

ox R28p R3O0 I? | R?
YL VL(az RaR)‘ T9: aozz TP

15



Used variables:dudt, u, w, chio, ¢, vphio, big f, bigi, ao, sio, pold, i = 1 + € - sio

R? 0p R?0p _ R?Op .y

T 5y is formed as 07 YA and therefore cancelled. similarly,
RS o 12

d 0Z 2

. starting from ”calculate xjay6”

Because %‘2138—? = Rgl% = Rolg—{, we have
1012 oI I
__:I_:I __A* A*I
2 ar ~legp T - LA AT
so we first solve
2. I ts —n
)t = () At e
(F)E=(5)"+ A
. terml (12—2)” = @ = tally
. term2 %{%X” = fun

. call JAY2 to form €J3' and save it to zjay?2.
Used variables:chio, sio, ao, vphio, peo, u, big f

. if 1) is turned on, we solve I equation

I — AtV I = [0 4 ALTY

where
TP = eRV U™ XV "6V "V, I +va(%) X V" &
OV, VA . 1 -n 2 OF"
R Fn R R A* In_ _In =
~ 1 ’ 1 / ~
—I—Vﬂy-[Vl(ln—sy)—EVLF"}—EVLnxVﬂ/}" )

1 .
_(E +1)A"x

form I + AtJg — At[npV2 (I — sy) + Vin- V(I — sy)] = fun8.
The last 2 terms cancell the same terms formed inside eJ3"
fixo(fun8)

fun8 = I"™ — sy on the boundary or ghost cells

form hptw = wb

call poisvmu(fun,wb, 1, ibx, At,n) to solve

1 =1 —fun8 4+ sy
2 - ntzy _ _J T 2F
VL= g At

16
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10.

11.

12.

13.

14.

for fun
fixo(fun)
form fun+ sy = I"*z
Fntl in
form eﬁ% = XJAY?2
form I" - xjay?2
form AtI" - zjay?2
form (g)" + AtI"-zjay2 and save in Jg, which is newly updated (g)T”%
fixo(xjay6)

starting from ”calculate xjay7”
call PEQN to deal with

T 1 7 n
P = pt 4+ AH(SE — ypAty)

where
ountl 1 0v?
O — RY (7n+1 V"o — n QT n I 2
P ‘ X WA 2¢ 07 R &p]
USZ apn n n p
- _ . K. = 4
o Vix"-Vip"+dV- -k-V (d) (34)

saved in pn. Used variables: u, po,lap_chi,vphio, chio

form Atyp™ - hmt - (V2 x)" and add it to pn to cancell the same term
added in PEQN save the reesult in zjay7.
fixo(xjay7). zjay7 is the newly updated pm+z

under ”calculate xjay8” as term2 and term3

form —At%%(g)”“ and add to xjay4
form —At?—;%(%)"“ and add to xjay3
form —Ate%ﬁ %nﬂ and add to zjay4
form —Atele op " and add to xjay3

v 92
Pt = pn Tl — Atyp" (A2 x)". Used variables:rhdo, lap_chi

from term31 to term33,

form _%At%[VJ-UTL+1'VJ_U”+1+VJ_X”'VJ_Xn+2€RVJ_XnXVJ_UnJrl'Lﬁ]
and add to xjayd

form — 5 At [V ULV LUV XV X" +2eRV X" XV LU
and add to xzjay3

adding (%)" to xjay4; (%)" to xjay3

Now we finish the the R.H.S. of (31) and (32)
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15.

16.

17.

18.

19.

20.

21.

form 7 from %[AtR%(I")Q + AtyRoap™] - hmt - resc9 ;

R
n

poisvmu3(chi_z, fun7,0,0, At,n) for chi_zx, i.e., (%)nﬂ

poisvmu3(chiy, fun7,0,0, At,n) for chi_y, i.e., (—g)’”r1

form — = fun7, and solve

X \p R? X \p .
(3R i —At-ujvi(@) = zjay4
Ik

) —xjayd
At - ;LR% OR

)n+1 _
Deltat - ,u%Q

(Vi-

X ., R%_, Ox., )
(5" = At p = VA (2™ = wjay3

I ox

) —zjayd

(Vi - Doirar . o B2
Deltat - 13-

)n+1 _

call div(chi_z, chi_y, wb) to form lap_chi, i.e., (V3 x)" ! and save in wb
call poiss(chin,wbd, 1,0) to solve equation

V3 x = wb
for chin, i.e., x"t!

call wgrad(chin, chi_z,chi_y,1) to calculate (g—é)"“ and (g—%)"“‘1

call div(chi_z, chi_y,lap_chi) to form lap_chi, i.e., (V% x)" !
NOTE: I DON'T UNDERSTAND THIS PART BECAUSE IT’S JUST A
REPEAT.

call PEQN again to update p"*! by
P+ AH(S) —p™ (AT

, where
(AT = (VA" + £ %%

form —AtI"? - (V2 x)"*!, which calcells the same term in p™*!
add to Js(fun6), which is the newly updated (4)m+1.

solution of I"*1(sinn)

B B B 1 In
[ AL VAT = P ALy - AL (AT
€

form I"™ — AtRoI™(A*x)"t! = tally, where (A*x)"*t1 = (V3 x)"H! —

1 oyt
R OR
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22.

23.

24.

25.

26.

27.

6.4

1
call jay2 to form eanJFQ

n+
where J, * =

RV UMl x V I". ¢ —V "t .V "+ RVJ_(_;) X VY™ -

HRVLF™ -V (%) = 22 4 plar (I = sy) + 1" + 2 (% + 257 )]

+Vin - [ViI™ = sy) — sVIF"] = £Vinx V" - ¢
—(L + DA%y (35)

multiply it with AtRy (because of € ) and add to tally

form —AtnV? (I" — sy) and add it to tally

form —AtV 7.V, (I" — sy) and add it to tally, which is sinn, i.e., I"t1,
now

NOTE: THESE 2 TERMS CANCELL THE SAME TERMS FORMED
IN g

fixo(tally)
on the boundary tally = I". So tally is newly updated It

if n is turned on
form wb by hpt —12Lutsy
call poisvmu(fun,wb, 1,ibx, At,n) to solve

tally + sy

I - -
V2 s n+ly _ "7 T 25
(V1 At-n)(nl ) At

for fun
fixo(fun) form new I"*! by fun + sy fixo( sinn )

call sbigi to form I"*! from 1 4 eI+
(bigi = 1 + esi, siissinn, whichisnewlyupdatedI™ 1)

VPHIEQ solving (15) for v, ( in m3d/code/ml1.F)

call vphieq(si,vphi,vphio,ao,p,chi,dt,1)

vphieq(einow,vphinow,vphiold,aold,pold,chinow,deltat,istep)

vy

o — RHS+ 1V3 v,

slove it explicitly

n+l _ n n
v, =wvg +At-RHS
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where

1.1 / / / ,
RHS™ = d—n[ﬁ(—VLF” SVLF" =V 9" -V "+ Vi Yp" XV F" -0+ V 9" XV F™ - 9)
apn+1 n+1 n n+1 noA
—eR + VI -V, F"+V I x V19" - ¢l

o QUnTL gyt O
+1 nooa n+1
+ERV LU X Vol - ¢ = VX" -vw;—ij’(eR 57+ R +a_<;)

(36)

Here dL uses rhi. I am not sure rhi is din or dn%; Used variables: rhi, bigf, ao,p,u, si,vphio, chi at nth time leve
1. form RHS™
2. form vg + At - RHS™ = vphinow, which is newly updated UZH

3. if rmu is turned on
—vphi .
form W as a variable wb

call poisvmu(wd, wb, 0, ibx, At,rmus) in mparl.F to solve
UZ+1 — At - uVin“ = vphinow

(Vi - L) ntl _ —vphinow
At-p’ % At-p

for wd

form new v2** from vphinow = wd + qy

4. fix vphinow at origin by calling fixo(vphinow). wphinow is the newly
updated v} !

6.5 PHIEQN solving the ® equation (9) for ® and V3 & (
in m3d/code/m1.F)

call phieqn(sio,vphi,ao,w,chi,peo)
phieqn (einow, vphinow, aold, wnow,chinow,peold)

V2® =RHS

n+1 Un+1

RHS" = eV, I" V., U™ 4 [ (V2 )+t - vl(vﬁz ) Viut - (V)"

pntl 1 OF™ 81/}n/ oIm acm
hid Fn.p— L - _
RV e g Y o) T e T s

+Vi(
1
R?

]
1
R2

1—|—d~”
7 )@

’ ’ ~ 1 n ~
+ VLT]'VLdJn— VLHXVLFH'QO—FEVL??XVLIJrl-@

+RoV X" x Vi (
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calculate RHS™ = wb

fixo(wb)

form wb as hpt - wb

call poiss(xphi,wb,0,0) to solve

V3 ® = wb

for xzphi, i.e., "1
fixo(xphi), xphi is the newly updated ®"+1
save wb in lap_phi variable, i.e., (V2 ®)" ! Used variables:sio, u, bigi, lap_u, vphi, ao, lap_a, bigf, ¢, a, si, chi

6.6 AEQN/CEQN solving (12)/(13) for ¢//C (in m3d/code/m1.F)
call ceqn(a,ao,chi,sio,peo,dt)
ceqn (anow,aold,chinow,einow,peold,deltat)

o,

ot = RHS +nA*C,

slove it explicitly
Crtt =C" + At- RHS"
where RHS™ =

31,[) Sa

€R[V L (A" U)X Vg + VL U™ x V. OF 42V, 2000w v, 2 4 gy, 207
R[V L (A™U)"™ VL F™ 4V U™V (ATF) + 2V (25 vl(@;;:) +2V (2. vL(
—VL(A* )™ Vgt - VX" VIO — 2V (2" v (280 —2v (2t v (2
V(A )" X VLF" + Vix" x V(A F)" + 2V (2" x VL (2E5) + 2V (Z)" T x V(%)) - ¢
+2 (AD)" T (92 ayna1 g anntd (38)

9R

7]

Used variables: ao,u, bigf,w, cq,lap_chi, chio, chii_x, chi_y, xphi, lap_phi

1. form
o™ ountl OF™
orR ~ " or ~ " or "
oY ountt OF™
9z~ oz "oz Y
2. form RHS"

3. form ¢? + RHS™, which is newly updated C+1

4. if n is turned on
form etas = cinv - eta - simpf

n+1l __ n+1 1 9F™ * n+1 1 OF™
form C"*' = CpH + 555, le. (A™)" T 4+ 555
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e if juns=1
—c+cb
At
call lopoismu(we, wb, 1, ibx, At, etas) in mparl.F to solve

as a variable wb

form n

Crtl _ At-pATCTT = C,

—C,+chb

I n+1) —
At

A¥Y— ——
( At,n(n o
for we

form new C™*! by we + ¢b

form new C7+! by ontt — Lor”

1
R 0Z

5. call lowpoisa(%, anow, ¢q) to solve

A*‘l/f =Cq
for anow, i.e., YTt

6. form C™+! by Ot + G- e, (A%y)" T+ G

7. form lap_a, i.e., (V3 )" by (A*p)" 1 + %8%—?1

6.7 FEQN solving the F equation (8) for F and V3 F (in
m3d/code/m1.F)

call feqn(si,bigf)
feqn (einow, bigft)

in+1/

calculate the RHS = — -

form wb as hpt - wb
save wb = lap_F, i.e., (V2 F)"+!
call poiss(bigft,wb,1,0) to solve

= wb

V2 F =wb

for bigft, i.e., F**1. Used variables: si.
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7 operations
The fundamental operations in the time evolution equations are

e +/— = ADD, ADDO
ADD(b,c,be,cc,ac): ac(lk) = b*be(lk)+c*ce(lk)
ADDO(ce,be,ac): ac(l,k)=cec(L,k) + be(lk)

in ml.F

e multiplication/division of matix by scalars = um02
um02(b,bb,aa): aa(l,k) = b*bb(Lk)
in ml.F

e multiplication/division of matix by vector = uml2, ud21
uml12( b,bb,aa ): aa(l,k) = b(1)*bb(1,k)
ud21( a,b,c ): c(Lk) = a(lk)/b(1)

in ml.F

e multiplication of matrix by matrix , i.e., convolution =
CONV, CONVS, WCONVO, WCONVON
CONV(a,syml,b,sym2,c), CONVS(a,syml,b,sym2,c,kst):
call weonvon(a,b,isyl,isy2,c,kst)
isyl=1,isy2=1;if( sym1.1t.0. ) isyl = -1, if( sym2.1t.0. ) isy2 = -1.
in ml1.F
WCONVO( cac,dac,isy3,isy4,aac ), WCONVON( cac,dac,isy3,isy4,aac kstt
) A
aac = cac dac
even symmetry:isy3=1 and/or isy4=1; odd symmetry:isy3=-1 and/or isy4d=-
1
in mparl.F

e V2 A = DELSQ, DELSQO
DELSQ( aa,bb,isy ), DELSQO( aa,bb ): bb = V2 aa, call delsqc( aa,bb )
in mparl.F

e V,A-V,B = GRADSQ, GRADSQO
GRADSQ(aa,bb,isyl,isy2,cc): cc = (V aa- Vbb), call gradsqc(aa, bb, cc)
GRADSQQ: ( aa,bb,isyl,isy2,cc ), call gradsq( aa,bb,isyl,isy2,cc )
in mparl.F

e V,AXx VB -y = GCRO, GCROO
GCRO(a,b,isyl,isy2,cc): cc =V A x VB -, call gcroc(a, b, cc)
GCROO(a,b,isyl,isy2,cc): call gero(a,b,isyl,isy2,cc)
in mparl.F
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B . Vg = BGRADG
J.Vg = JGRADG

V-A = DIV
DIV( ax,ay,cc ): cc(Lk) = ax’ + ay’
in mparl.f

£ « A = ROVERRO : wa = £wb
0 0

g 9 0
i, 2. . = DXDR, DXDZ, DXDPHI
DXDR(symr,xx,aa): aa = dxx/dR
DXDZ(symr,xx,aa): aa = dxx/dZ
DXDPHI(x,isym,xx): xx=dx/dphi

in mparl.f

V1A = WGRAD
WGRAD (xx,aa,bb,isym): call dxdre(xx, aa), call dxdze(xx, bb)
in mparl.F

(I — AtV2)A = RHS = POIS...
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8 Walkthrough of time advance

This starts from loop 100 and ends at 1555 in mh3d() function all of the 7
time-dependent and 2 poission equations are solved.

8.1 dtset is called to determine the time step at the present
iteration

8.2 modifying the initial state

only go through at the first step,

e.g., give some initial perturbation for linear run,
change the strength of rigid ion beam.

call modini

8.3 define variables T, I, ' at the beginning of each time
step

call defvar

8.4 update resistivity for parallel and perpendicular to B

but we don’t do here right now

8.5 fix origin

call fixo(cinv)

8.6 initialize variables which depend on other ones

call sbigi

8.7 advance to the next time level
ncy = ncy+1
tim = tim+dt

8.8 set kmin and set the temporary values at the reference
time step

save all of the variables to their corresponding temporary variables

a to ao u to uo w to wo v to vo
p to po p to peo rh to rhold
c.a to c_ao si to sio chi to chio
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chi_x to chixo(l,k) chi_y to chi_yo(1,k) vphi to vphio

8.9 skip every thing else if iartp=1, do time advance

call timeadv from m1.F

1) copy rh to parameter prerl, call p equation rhoeqn

2) copy w to prerl, u to prer2, lap_u to prer3. call weqn and calculate dwdt
and udth.

3) copy chi to prerl, p to prer2, si to prer3. call chiaiap_3 for I, X, p, and

inside chiaiap_3 call poisvmu3, poisvmu3, poiss, and peqn.
4) call pkkks
5) advance pressure using artificial sound term

6) copy vphi to prerl, and call vphieq.

7) calculate dchidt and call phieqn

8) copy a to prerl, ¢, to prer2, lap_psi to prerd and call ceqn.
9) copy bigf to prerl, lap_F to prer2, and call feqn.

8.10

diagnose the results, print values only if ncy = n*nprnt or gamma small
decide whether the objective is reached so that the run can be stopped.
decide whether more harmonics are needed.

drop in the hole of the potential energy when deeded.

keep maximum kinetic energy within a given value when desired.

call diagnos which is in m1.F

8.11 write a restart/checkpoint file

call chekchek which is in mparl.F

8.12 output printing and plotting
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