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W First, an apology...

> dtmax:

» The simulation time between dump files
» What most people want —

» What star formation simulations require ———

Prmax [& cm™]

dtmax

24000 24200 24400 24600 24800 25000 25200 25400
time [yr]

Waurster, Bate & Price (2018a,c)+

v

time



i,
W First, an apology...

» dtmax:
» The simulation time between dump files
» What most people want —
» What star formation simulations require ———
» This (—1__ ) can also be used for optimal use of HPC clusters & prevent against from
lost time due to wall-time limitations, power failures, codes crashes, etc...
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W First, an apology...

» dtmax:

» Now introducing the [iiEHEIIae TRl

» External value of dtmax (i.c., the simulation time between dumps) —

» External value of dfmax for rapidly increasing density (optional) ——

» Internal value of dtmax to optimise computer performance (24h by default) ——
> 1.e., this should protect against failures/crashes while not affecting dtmax (and is
. completely under the hood now)
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First, an apology...

> dtmax:
» Example:

job name
logfile = wtimeNoDt01.log ! file to which output is directed
dumpfile = wtimeNoDt_00000.tmp ! dump file to start from
options controlling run time and input/output
tmax = 10.7517767 ! end time
dtmax = ©0.0888576587635 ! time between dumps
nmax = -1 ! maximum number of timesteps (@=just get derivs and stop)
nout = -1 ! write dumpfile every n dtmax (-ve=ignore)
nmaxdumps = -1 ! stop after n full dumps (-ve=ignore)
. ! maximum wall time (hhh:mm, ©00:00=ignore)
<: dtwallmax = 024:00 :>maximum wall time between dumps (hhh:mm, 000:00=ignore)
n = 1. ! full dump every n dumps
iverbose = 0 ! verboseness of log (-1=quiet @=default l=allsteps 2=debug 5=max)

options controlling run time and input/output: supplementary features

rhofinal_cgs = 0.000 ! maximum allowed density (cgs) (<=0 to ignore)

dtmax_dratio = 1.258 ! dynamic dtmax: density ratio controlling decrease (<=0 to ignore)
dtmax_max = ©.0888665445294 | dynamic dtmax: maximum allowed dtmax (=dtmax if <= 0)
dtmax_min = 0.0111070685071 ! dynamic dtmax: minimum allowed dtmax
calc_erot = T ! include E_rot in the ev_file

options controlling accuracy

C_cour = 0.300 ! Courant number
C_force = 0.250 ! dt_force number
tolv = 1.000E-02 ! tolerance on v iterations in timestepping
hfact = 1.200 ! h in units of particle spacing [h = hfact(m/rho)”(1/3)]
tolh 1.000E-04 ! tolerance on h-rho iterations
|

tree_accuracy 0.500 tree opening criterion (0.0-1.0)

options controlling hydrodynamics, artificial dissipation

alpha = 0.000 ! MINIMUM shock viscosity parameter
alphamax = 1.000 ! MAXIMUM shock viscosity parameter
beta = 2.000 ! beta viscosity

options controlling damping



First, an apology...

> dtmax:
» Example:

@ Terminal Shell Edit View Window Help
[ JCN J
al — Python rundir/phantor
-——————> TIME = 0.000 : full dump written to file wtimeAgain_00000  <-———————

input file wtimeAgain.in written successfully.

> DELETING temporary dump file wtimeAgain_0000@.tmp <-——

= 438815

Increasing to

2 su um)ps

P

TIME =

0.8886E-01: full dump written to file wtimeAgain_80001

input file wtimeAgain.in written successfully.
Since code start: 3 timesteps, wall: 19s cpu: 1l4s cpu/wall: 5.9
Since last dump : 3 timesteps, wall: 19s cpu: 114s cpu/wall: 5.9
wall cpu cpu/wall load bal frac
step : 19.31s 113.71s 5.89 100.00% 99.04%
tree 0.69s 1.86s 2.71 100.00% 3.53%
L-balance :
ensity : 6.88s 41.19s 5.99 100.00% 35.26%
local 6.88s 41.19s 5.99 100.00% 35.26%
remote )
force : 11.75s 70.18s 5.97 100.00% 60.26%
local 11.69s 69.91s 5.98 100.00% 59.94%
remote :
cons2prim R
xtf :
rite_ev H 0.06s 0.15s 2.36 100.00% 0.32%
rite_dump : 0.12s 0.13s 1.83  100.00% 0.64%
438815, n_alive= 438815, n_dead_or_accreted= 0, nptmass= ]

1.729E-81, Ekin= 8.881E-04, Etherm= 5.416E-02, Epot=-2.279E-01
8.446E-B6, Angm= 9.830E-02

Centre of Mass = 4.556E-07, -2.038E-07, -2.472E-08

density (max)= 3.836E-83 (mean)= 2.545E-83 (max)= 7.629E-18 g/cm”3
alpha(max)= 1.000E+80

RMS Mach #= 1.724E-01

t =

. dt = 2.845E-082 (courant)
milgglifying dtmax internally due to wall time constraint.

Increasing to 4

TIME = 0.1333 : full dump written to file wtimeAgain.restart

Writing sub-dumps: 1 of

file wtimeAgain.in written successfully.
code start: 5 timesteps, wall: 33s cpu: 191s cpu/wall: 5.9

input
Since

Since last dump : 2 timesteps, wall: 13s cpu: 77s cpu/wall: 5.9
wall cpu cpu/wall load bal frac
step 13.06s 76.73s 5.87 100.00% 99.05%
tree H 0.38s 1.28s 3.42  100.00% 2.84%
L-balance :
ensity : b.bbs 26.37s 5.94 100.00% 33.65%
local H b bbs 26.37s 5.94  100.00% 33.65%
remote )
force : 8.19s 48.76s 5.96 100.00% 62.09%
local H 8.12s 48.57s 5.98  100.00% 61.61%
remote 5
ons2prim 0

xtf H

—

@ Terminal Shell Edit View Window Help
[ JCN
T Ar I Python
-------- > TIME =  0.1777 : full dump written to file wtimeAgain_00002

input file wtimeAgain.in written successfully.
Since code start: 7 timesteps, wall: 46s cpu: 266s cpu/wall: 5.8
Since last dump : 1 timesteps, wall: 6.2s cpu: 37s cpu/wall: 5.9

wall cpu cpu/wall load bal frac
step : 6.25s 36.72s 5.87 100.00% 97.09%
tree : 0.19s 0.62s 3.28 100.00% 2.91%
L-balance :
ensity : 2.12s 12.80s 6.02  100.00% 33.01%
local : 2.12s 12.80s 6.02 100.00% 33.01%
remote 3
force : 3.88s 23.15s 5.97  100.00% 60.19%
local : 3.88s 23.06s 5.95 100.00% 60.19%
remote H
ons2prim H
extf H
rite_ev H 0.06s 0.07s 1.14  100.00% 0.97%
rite_dump = 0.12s 0.12s 0.98 100.00% 1.94%
438815, n_alive= 438815, n_dead_or_accreted= 9, nptmass=

1.726E-01, Ekin= 1.168E-03, Etherm= 5.416E-082, Epot=-2.279E-01
Linm= 8.875E-086, Angm= 9.831E-02

Centre of Mass = 9.305E-07, -4.212E-07, -9.433E-08

density (max)= 3.787E-83 (mean)= 2.545E-83 (max)= 7.533E-18 g/cm”3
alpha(max)= 1.000E+00

RMS Mach #= 1.803E-01

tom

0.19993 dt = 2.221E-02 (dtmax)

TIME = 0.1999 : full dump written to file wtimeAgain.restart

Writing sub-dumps: 1 of

input file wtimeAgain.in written successfully.
Since code start: 8 timesteps, wall: 53s cpu: 307s cpu/wall: 5.8
Since last dump : 1 timesteps, wall: 6.8s cpu: 4@s cpu/wall: 5.9
wall cpu cpu/wall load bal frac
step : 6.81s 40.50s 5.94  100.00% 98.20%
tree : 0.19s 0.59s 3.17 100.00% 2.70%
Lbalance :
ensity H 2.06s 12.76s 6.19  100.00% 29.73%
local : 2.06s 12.76s 6.19  100.00% 29.73%
remote :
force H 4.56s 26.98s 5.91  100.00% 65.77%
local : 4.50s 26.88s 5.97  100.00% 64.86%
remote 3
ons2prim g
xtf H
rite_ev 2
rite_dump H 0.12s 0.14s 1.08 100.00% 1.80%
npart= 438815, n_alive= 438815, n_dead_or_accreted= 0, nptmass=
Etot=-1.726E-01, Ekin= 1.225E-83, Etherm= 5.416E-02, Epot=-2.279E-01

Linm= 8.974E-86, Angm= 9.831E-82

Centre of Mass = 1.052E-086, -4.774E-07, -1.181E-87

density (max)= 3.799E-83 (mean)= 2.545E-83 (max)= 7.557E-18 g/cm”3
alpha(max)= 1.000E+80

RMS Mach #= 1.827E-81

t = 0.22214 dt = 2.221E-02 (dtmax)

@ Terminal Shell Edit View Window Help
[ JCN J
ir/phant Ar uly — Python undirfphanton
—==———=> TIME = 0.2221 : full dump written to file wtimeAgain.restart e

Writing sub-dumps: 2 of 4 P

input file wtimeAgain.in written successfully.
Since code start: 9 timesteps, wall: 59s cpu:
Since last dump : 1 timesteps, wall: 6.5s cpu:

345s cpu/wall: 5.8
38s cpu/wall: 5.9

wall cpu cpu/wall 1load bal frac
step : 6.50s 38.30s 5.89 100.00% 97.20%
tree H 0.25s 0.66s 2.66  100.00% 3.74%
L-balance :
ensity : 2.25s 13.36s 5.94 100.00% 33.64%
local H 2.25s 13.36s 5.94  100.00% 33.64%
remote s
force : 4.00s 24.11s 6.03 100.00% 59.81%
local H 4.00s 24.02s 6.81  100.00% 59.81%
remote :
cons2prim :
extf H
rite_ev : 0.06s 0.07s 1.18 100.00% 0.93%
rite_dump : 0.12s 9.13s 1.04 100.00% 1.87%
npart: 438815, n_alive= 438815, n_dead_or_accreted: 0, nptmass= ]
Etot=-1.725E-01, Eki| 1.283E-03, Etherm= 5.416E-02, Epot=-2.280E-01

Linm= 9.035E-86, Angm= 9.831E-02

Centre of Mass = 1.174E-86, -5.343E-07, -1.437E-07

density (max)= 3.816E-83 (mean)= 2.545E-83 (max)= 7.590E-18 g/cm”3
alpha(max)= 1.000E+00

RMS Mach #= 1.853E-01

t =

0.24436 dt = 2.221E-82 (dtmax)

TIME = 0.2444 H

full dump written to file wtimeAgain.restart
Writing sub-dumps: 3 of 4

input file wtimeAgain.in written successfully.
Since code start: 10 timesteps, wall: 66s cpu: 382s cpu/wall: 5.8
Since last dump : 1 timesteps, wall: 6.2s cpu: 37s cpu/wall: 5.9

wall cpu cpu/wall load bal frac
step : 6.25s 36.66s 5.87 100.00% 98.04%
tree : 0.19s 0.63s 3.38 100.00% 2.94%
L-balance
ensity : 2.12s 12.72s 5.99 100.00% 33.33%
local : 2.12s 12.72s 5.99 100.00% 33.33%
remote
force : 3.88s 23.16s 5.97 100.00% 60.78%
local 3.81s 23.06s 6.85 100.00% 59.80%
remote :
cons2prim 2 0.06s 0.05s 0.88 100.00% 0.98%
extf :
rite_ev :
rite_dump 5 0.12s 0.12s 0.96 100.00% 1.96%
npart: 438815, n_alive= 438815, n_dead_or_accreted: 0, nptmass= [
Etot=-1.725E-01, Ekin= 1.333E-03, Etherm= 5.416E-02, Epot=-2.280E-01

Linm= 9.085E-86, Angm= 9.831E-82

Centre of Mass 1.297e-06, -5.921E-07, -1.708E-07

density (max)= 3.833E-83 (mean)= 2.545E-83 (max)= 7.625E-18 g/cm”3
alpha(max)= 1.000E+00

RMS Mach #= 1.879E-01

t = 0.26657 dt = 2.221E-02 (dtmax)
———————— > TIME = 0.2666  : full dump written to file wtimeAgain_80003  <-——-———
-
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First, an apology...

> dtmax:
» Example:

@ Terminal Shell Edit View Window Help @& Terminal Shell Edit View Window Help @ Terminal Shell Edit View Window Help
[ JCN J
[rundir/fphantom_out/ArroyoJuly — Python ~/rundir/phantom L
TIME = 0.2221 : full dump written to file wtimeAgain.restart
. . . . QT[ME = 0.1777 : full dump written to file wtimeAgain_00002 Wiriting sub-dumps: 2 of
—_—> TIME = 0.000 : full dump written to file wtimeAgain_00000  <-——————

input file wtimeAgain.in written successfully.
Since code start: 7 timesteps, wall: 46s cpu: 266s cpu/wall: 5.8
Since last dump : 1 timesteps, wall: 6.2s cpu: 37s cpu/wall: 5.9

input file wtimeAgain.in written successfully.

> DELETING temporary dump file wtimeAgain_0000@.tmp <-——

input file wtimeAgain.in written ully.
Since code start: 9 timesteps, wall: 59s cpu: 345s cpu/wall: 5.8
Since last dump : 1 timesteps, wall: 6.5s cpu: 38s cpu/wall: 5.9

wall cpu cpu/wall load bal frac
tep : 6.50s 38.30s 5.89  100.00% 97.20%
tree H 0.25s 0.66s 2.66  100.00% 3.74%
L-balance :
ensity : 2.25s 13.36s 5.94  100.00% 33.64%
local H 2.25s 13.36s 5.94  100.00% 33.64%
remote :
force : 4.00s 24.11s 6.03 100.00% 59.81%
local H 4.00s 24.02s 6.81  100.00% 59.81%
remote :
ons2prim :
xtf H
rite_ev : 0.06s 0.07s 1.18 100.00% 0.93%
rite_dump : 0.12s 9.13s 1.04 100.00% 1.87%
npart 438815, n_alive= 438815, n_dead_or_accreted @, nptmass= [

Etot=-1.725E-01, Eki| 1.283E-03, Etherm= 5.416E-02, Epot=-2.280E-01
Linm= 9.035E-86, Angm= 9.831E-02

Centre of Mass = 1.174E-86, -5.343E-07, -1.437E-07

density (max)= 3.816E-83 (mean)= 2.545E-83 (max)= 7.590E-18 g/cm”3
alpha(max)= 1.000E+80

RMS Mach #= 1.853E-01

t = 0.24436 dt = 2.221E-82 (dtmax)

11 11 load bal f
t = 0.30722E-01 dt = 3.103E-02 (courant), np = 438815 i : 3Es P °p”/‘;fe7 100005 7 000
t = 0.61753E-01 dt = 2.710E-02 (dtprint) tree : 0.19s 0.62s 3.28  100.00% 2.91%
t = 0.88858E-01 dt = 2.935E-02 (courant) Ubalance o
modifying dtmax internally due to wall time constraint. Increasing to 2 sub-dumps ansity : T LT s Yoiteen  Be-ou
local : 2.12s 12.80s 6.02 100.00%  33.01%
: N N 4 remote H
TIME =  ©.8886E-01: full dump written to file wtimeAgain_00001  <-—— forde ; Siaie Y. Bi07 a0avden wemaon
local : 3.88s 23.06s 5.95 100.00%  60.19%
: : : : : N remote H
input file wtimeAgain.in written successfully. P %
Since code start: 3 timesteps, wall: 19s cpu: 114s cpu/wall: 5.9 xtf .
Since last dump : 3 timesteps, wall: 19s cpu: 114s cpu/wall: 5.9 rite_ev . 0.06s 0.07s 1.14 100.00% 0.97%
rite_dump = 0.12s 0.12s 0.98 100.00% 1.94%
X wall cpu  cpu/wall load bal frac npar 438815, n_alive= 438815, n_dead_or_accreted= 8, nptmass=
tep i 19.31s 113.71s 5.89  100.00%  99.04% Etot=-1.726E-81, Ekin= 1.160E-83, Etherm= 5.416E-82, Epot=-2.279E-81
tree : 0.69s 1.86s 2.71  100.00% 3.53% Linm= 8.8756-06, Angme 9.831E-02
l—"a}a"“ Centre of Mass = 9.305E-07, —4.212E-07, -9.433E-08
ensity : 6.88s 41.19s 5.99  100.00%  35.26% density (max)= 3.787E-83 (mean)= 2.545E-83 (max)= 7.533E-18 g/cm*3
local : 6.88s 41.19s 5.99 100.00%  35.26% alpha(max)e 1.000E+00
Temote 2 RMS Mach #= 1.803E-81
force : o 11.75s 70.18s 5.97 100.00%  60.26%
local : 11.69s 69.91s 5.98 100.00%  59.94%
EEnOtS : t = 0.19993 dt = 2.221E-02 (dtmax)
ons2prim B
xtf :
rite_ev : 0.06s 0.15s 2.36  100.00% 0.32% i i ; i
- TIME = 0.1999  : full d tten to file wtimeAgain.restart
rite_dump : 0.12s 0.13s 1.03  100.00% 0.64% w:itin:mZu:f;um;:: R
438815, n_alive= 438815, n_dead_or_accreted= 0, nptmass= ]

-~ > TIME =  0.2444 : full dump written to file wtimeAgain.restart
— > Writing sub-dumps: 3 of 4

1.729E-01, Ekin= 8.881E-@4, Etherm= 5.416E-02, Epot=-2.279E-01
8.446E-06, Angm= 9.830E-02
Centre of Mass = 4.556E-87, -2.038E-07, -2.472E-08

input file wtimeAgain.in written successfully.

r Since code start: 8 timesteps, wall: 53s cpu: 307s cpu/wall: 5.8
density. ((max)e:3.886E-03:(nean)n:2.B4EE-0 (max)e;7.629E-18;0/cats Since last dump : 1 timesteps, wall: 6.8s cpu: 4@s cpu/wall: 5.9
alpha(max)= 1.000E+00 ’

RMS Mach #= 1.724E-01 wall cpu cpu/wall load bal frac
step H 6.81s 40.50s 5.94 100.00% 98.20%
: tree H 0.19s 0.59s 3.17 100.00% 2.70%
t = 0.11821 dt = 1.508E-02 (dtprint) l—balance N
t= 0.13329  dt = 2.845E-82 (courant) ¢ . ensity : 2.06s 12.76s 6.19 100.00%  29.73%
modifying dtmax internally due to wall time constraint. Increasing to 4 sub-dumps local . 2.06s 12.76s 6.19  100.00% 29.73%
remote :
2 . . e force H 4.56s 26.98s 5.91  100.00% 65.77%
> TIME =  0.1333 : full dump written to file wtimeAgain.restart Tocal : 4.50s 26.88s 5.97  100.00%  64.86%
> Writing sub-dumps: 1of 2 remote .
ons2prim H
N s s — s xtf H
input file wtimeAgain.in written cessfully. Site eV s
Since code start: 5 timesteps, wall: 33s cpu: 191s cpu/wall: 5.9 rite_dump . 0.12s 0.14s 1.08 100.00% 1.80%
Since last dump : 2 timesteps, wall: 13s cpu: 77s cpu/wall: 5.9 npart= 438815, n_alive= 438815, n_dead_or_accreted= o, nptmass=

Etot=-1.726E-01, Ekin= 1.225E-83, Etherm= 5.416E-82, Epot=-2.279E-01

wall cpu cpu/wall load bal frac Linm= 8.974E-86, Angm= 9.831E-02

tep : 13.06s 76.73s 5.87 100.00%  99.85% Centre of Mass = 1.852E-06, —4.774E-87, —-1.181E-87
ERS : 0-288 1.28s 8:62 (100:90%.  2:84% density (max)= 3.799E-83 (mean)= 2.545E-83 (max)= 7.557E-18 g/cm*3
Lbalance : alpha(max)= 1.000E+00

ensity : 4.bbs 26.37s 5.94 100.00%  33.65% B Mach = 1 EITE a1

local : 4.bbs 26.37s 5.94 100.00%  33.65%

remote :
force : 8.19s 48.76s 5.96 100.00%  62.09% AR dt = 2.2216-02 (dtmax)

local : 8.12s 48.57s 5.98 100.00%  61.61%

remote H

ons2prim :

xtf H

s - 7, o

input file wtimeAgain.in written successfully.
Since code start: 10 timesteps, wall: 66s cpu: 382s cpu/wall: 5.8
Since last dump : 1 timesteps, wall: 6.2s cpu: 37s cpu/wall: 5.9

wall cpu cpu/wall load bal frac
tep H 6.25s 36.66s 5.87 100.00% 98.04%
tree : 0.19s 0.63s 3.38  100.00% 2.94%
L-balance :
ensity H 2.12s 12.72s 5.99 100.00% 33.33%
local : 2.12s 12.72s 5.99  100.00% 33.33%
remote :
force H 3.88s 23.16s 5.97 100.00% 60.78%
local : 3.81s 23.06s 6.85  100.00% 59.80%
remote :
ons2prim 2 0.06s 0.05s 0.88 100.00% 0.98%
xtf :
rite_ev :
rite_dump 5 0.12s 0.12s 0.96 100.00% 1.96%
npart: 438815, n_alive= 438815, n_dead_or_accreted: 0, nptmass= [
Etot=-1.725E-01, Ekin= 1.333E-83, Etherm= 5.416E-82, Epot=-2.280E-01

Linm= 9.085E-86, Angm= 9.831E-82

Centre of Mass 1.297e-06, -5.921E-07, -1.708E-07

density (max)= 3.833E-03 (mean)= 2.545E-83 (max)= 7.625E-18 g/cm”3
alpha(max)= 1.000E+00

RMS Mach #= 1.879E-01

t = 0.26657 dt = 2.221E-02 (dtmax)

TIME =  ©.2666  : full dump written to file wtimeAgain_00003



First, an apology...

> dtmax:
» Example:

.' Terminal Shell Edit View Window Help
[ JCN J
dir/jphantom_out/ArroyoJuly — Python [rundir/phantom

-——————> TIME = 0.000 : full dump written to file wtimeAgain_00000  <-———————

input file wtimeAgain.in written successfully.

> DELETING temporary dump file wtimeAgain_0000@.tmp <-——

@ Terminal Shell Edit View Window Help
[ N J

QT:ME = 0.1777

: full dump written to file wtimeAgain_00002

.' Terminal Shell Edit View Window Help

input file wtimeAgain.in written successfully.
Since code start: 7 timesteps, wall: 46s cpu: 266s cpu/wall: 5.8
Since last dump : 1 timesteps, wall: 6.2s cpu: 37s cpu/wall: 5.9

[ JCN J
TIME = 0.2221 : full dump written to file wtimeAgain.restart
Writing sub-dumps: 2 of
input file wtimeAgain.in written ully.

Since code start: 9 timesteps, wall: 59s cpu: 345s cpu/wall: 5.8
Since last dump : 1 timesteps, wall: 6.5s cpu: 38s cpu/wall: 5.9

wall cpu cpu/wall load bal frac wall cpu  cpu/wall load bal frac
t = 0.307226-01 dt = 3.183E-02 (courant), np = 438815 tep g 6.25s 36.72s 5.87 100.00%  97.09% tep : 6.50s 38.30s 5.80 100.00%  97.20%
t = 0.61753E-01 dt = 2.710E-62 (dtprint) tree : 0.19s 0.62s 3.28  100.00% 2.91% tree : .25 0.66s 2.66  100.00% 3.74%
t = 0.88858E-01 dt = 2.935E-82 (courant) l-balance . L-balance H
modifying dtmax internally due to wall time constraint. Increasing to 2 sub-dumps ensity . 2.12s 12.80s 6.02  100.00% 33.01% ensity : 2.25s 13.36s 5.94 100.00% 33.64%
local : 2.12s 12.80s 6.02 100.00%  33.01% local : 2.25s 13.36s 5.94  100.00%  33.64%
2 2 2 : remote g ramate :

TIME =  ©0.8886E-01: full dump written to file wtimeAgain_ 00801 <————-— Fozca g 3.88s 23.15s 5.97 100.00%  60.19% force : 4.00s 24.11s 6.03  100.00%  59.81%
local : 3.88s 23.06s 5.95 100.00%  60.19% local : 4.00s 24.02s 6.1  100.00%  59.81%
remote : el )

input file wtimeAgain.in written successfully. ons2prin : ons2prim :
Since code start: 3 timesteps, wall: 19s cpu: 114s cpu/wall: 5.9 e i xtf :
Since last dump : 3 timesteps, wall: 19s cpu: 114s cpu/wall: 5. i LRI 2 0.06s 0.07s 1.18 100.00% 0.93%
0.12s 0.13s 1.04 100.00% 1.87%
wall cpu cpu/wall load bal . ° ive= 438815, n_dead_or_accreted: 0, nptmass=
step H 19.31s 113.71s 5.89 100.00% 1.283E-03, Etherm= 5.416E-02, Epot=-2.280E-01
tree : 8.69s 1.86s 2.71  100.00% 9.831E-02
l—ba}ance H 4E-06, -5.343E-07, -1.437E-07
ensity : 6.88s 41.19s 5.99 100.00% -83 (mean)= 2.545E-83 (max)= 7.59@E-18 g/cm*3
local H 6.88s 41.19s 5.99 100.00%
remote ) ° °
force : 11.75s 70.18s 5.97  100.00%
local : 11.69s 69.91s 5.98 100.00% ‘ ‘; O l I 1 e 1 ere I I e al I S Or
remote H , 2.221E-02 (dtmax)
ons2prim R
xtf H
rite_ev D 09.06s 09.15s 2.36 100.00% . 2444 : full dump written to file wtimeAgain.restart
rite_dump : 0.12s 0.13s 1.03  100.00% Writing sub-dumps: 4
438815, n_alive= 438815, n_dead_or_accreted= 1 ‘ r‘ I l I I ‘ \;‘, ‘ a | Ir‘ s
1.729E-81, Ekin= 8.881E-04, Etherm= 5.416E-02, Epot=-2.279E-
8.446E-86, Angm= 9.830E-02 in written successfully.
Centre of Mass = 4.5566E-07, -2.038E-07, -2.472E-08 imesteps, wall: 66s cpu: 382s cpu/wall: 5.8

density (max)= 3.836E-83 (mean)= 2.545E-83 (max)= 7.629E-18 g/cm”3
alpha(max)= 1.000E+80
RMS Mach #= 1.724E-01

t = 0.11821 dt = 1.508E-02 (dtprint)
t = 0.13329 dt = 2.845E-082 (courant)
modifying dtmax internally due to wall time constraint. Increasing to 4 sub-dumps

> TIME = 9.1333
< >

input file wtimeAgain.in written cessfully.
Since code start: 5 timesteps, wall: 33s cpu: 191s cpu/wall: 5.9
Since last dump : 2 timesteps, wall: 13s cpu: 77s cpu/wall: 5.9

: full dump written to file wtimeAgain.restart
writing sub-dumps: 1 of

wall cpu cpu/wall load bal frac
step : 13.06s 76.73s 5.87 100.00% 99.05%
tree H 0.38s 1.28s 3.42  100.00% 2.84%
L-balance ;
ensity : b.bbs 26.37s 5.94 100.00% 33.65%
local H b bbs 26.37s 5.94  100.00% 33.65%
remote )
force : 8.19s 48.76s 5.96 100.00% 62.09%
local H 8.12s 48.57s 5.98  100.00% 61.61%
remote s
ons2prim 0
xtf H

s - 7, o

Since code start: 1mesteps, wa. S cpus S cpu/wall: 5.8
Since last dump : 1 timesteps, wall: 6.8s cpu: 4@s cpu/wall: 5.9

wall cpu cpu/wall load bal frac
step H 6.81s 40.50s 5.94  100.00% 98.20%
tree : 0.19s 0.59s 3.17 100.00% 2.70%
Lbalance H
ensity H 2.06s 12.76s 6.19  100.00% 29.73%
local : 2.06s 12.76s 6.19  100.00% 29.73%
remote H
force H 4.56s 26.98s 5.91  100.00% 65.77%
local : 4.50s 26.88s 5.97  100.00% 64.86%
remote :
ons2prim s
xtf H
rite_ev H
rite_dump H 0.12s 0.14s 1.8 100.00% 1.80%
npart= 438815, n_alive= 438815, n_dead_or_accreted= 0, nptmass=

Etot=-1.726E-81, Ekin= 1.225E-83, Etherm= 5.416E-02, Epot=-2.279E-01
Linm= 8.974E-086, Angm= 9.831E-82

Centre of Mass = 1.052E-086, -4.774E-07, -1.181E-87

density (max)= 3.799E-83 (mean)= 2.545E-03 (max)= 7.557E-18 g/cm”3
alpha(max)= 1.000E+80

RMS Mach #= 1.827E-81

t = 0.22214 dt = 2.221E-02 (dtmax)

Since last dump : 1 timesteps, wall: 6.2s cpu: 37s cpu/wall: 5.9

wall cpu cpu/wall load bal frac
step : 6.25s 36.66s 5.87 100.00% 98.04%
tree : 0.19s 0.63s 3.38  100.00% 2.94%
L-balance
ensity : 2.12s 12.72s 5.99 100.00% 33.33%
local : 2.12s 12.72s 5.99  100.00% 33.33%
remote :
force : 3.88s 23.16s 5.97 100.00% 60.78%
local : 3.81s 23.06s 6.85  100.00% 59.80%
remote :
ons2prim 2 0.06s 0.05s 0.88 100.00% 0.98%
xtf :
rite_ev :
rite_dump 5 0.12s 0.12s 0.96 100.00% 1.96%
npart: 438815, n_alive= 438815, n_dead_or_accreted: 0, nptmass=

Etot=-1.725E-81, Ekin= 1.333E-03, Etherm= 5.416E-02, Epot=:
Linm= 9.085E-86, Angm= 9.831E-82

Centre of Mass 1.297e-06, -5.921E-07, -1.708E-07
density (max)= 3.833E-03 (mean)= 2.545E-83 (max)= 7.625E-18 g/cm”3
alpha(max)= 1.000E+00

RMS Mach #= 1.879E-01

2.280E-01

t = 0.26657 dt = 2.221E-02 (dtmax)

TIME =  ©.2666  : full dump written to file wtimeAgain_00003



.| Magnetic fields: Motivation (for me & you!)

» Discs are magnetic!

870 ym (ALMA Band 7)
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Planck Collaboration (2016) Kwon+ (2019) Stephens+ (2017)



@ | Continuum Magnetohydrodynamic Equations

» Continuum equations:

dp
dr

dv
dr 0

):

I
|
| —
<

= —pV-v

(s-2)r 0

» Relevant processes:

KF

— VD + —

(B - V)v|+ 1B
o ’v -
dt

non-ideal

C

—V - -F —Vv:P +4nkpBp — ckpE

du

T 0

dr

non-ideal

% Gas
¢ Dust (self-consistent)
[ignored]
¢ Radiation
¢ Kinematics
% Magnetic fields
¢ non-ideal MHD
implicitly includes
non-self-
consistently
evolved dust

15



O . Ideal magnetohydrodynamics

» Highly ionised plasma: OB

» Zero resistivity & infinite conductivity
»lons & clectrons are tied to the magnetic field
»Neutral particles are tied to the magnetic field due to interactions with the ions & electrons

Sy
; 0 §
¢

16



® ¢ |ldeal magnetohydrodynamics

Lo = 100 (weak field) Lo = 3 (strong field)

5x10'6 I “ ll
0

—_5%x10'6

z [em]

—5x10'8 0 5x10'® —5%x10'° 0 5x1016

x [em] x [em]

Price & Bate (2007)

log column density [g/cm?]



TR | ° ° ° 0
” ||| |Aside: Magnetic boundary conditions
M

» Magnetic simulations require boundaries
» If not, simulations will

» at best: Blow up and crash

» at worst: Run to completion with the wrong answer
» How big of boundaries are needed?

» Not always easy to determine a priori:

MHD

VNU% Fixed (small)
200 25 Myr dbkg,a=20hbkg

y [pc]
o

-200

5.08

5.14
log < |B| >
» See dynamic boundary conditions as introduced in Wurster & Bonnell (in prep)



® g |ldeal magnetohydrodynamics

» Highly ionised plasma: OB

» Zero resistivity & infinite conductivity
»lons & clectrons are tied to the magnetic field
»Neutral particles are tied to the magnetic field due to interactions with the ions & electrons

tetetit ot

Good (?) approximation for (e.g.) stellar atmospheres: High ionisation fraction.
Bad approximation for molecular clouds: n./n ~ 10-14 (e.g. Nakano & Umebayashi 1986)

SERELEREE




@. Non-ideal magnetohydrodynamics

» Partially ionised plasma and dust: @ + ‘+ o + —B>

» Non-zero resistivity & conductivity ) P

»lons, electrons & neutrals behaviour is environment-dependent _

-—
o
o

——

i i
Y
'

AT

Ohmic Resistivity Hall Effect Ambipolar Diffusion,,
(diffusive) (dispersive) (diffusive)




@. Non-ideal magnetohydrodynamics

» Strong field, initially vertical magnetic field
» Large scale structure

z |AU]

deal MHD Non-ideal MHD ' 14

1000
O '16
-1000 18

-1000 0 1000 -1000 0 1000
X [AU] x [AU]

24

log density [g/cm?3]



@. Non-ideal magnetohydrodynamics

» Strong field, initially vertical magnetic field
» Small scale structure

\  IdealMHD / ' Non-ideal MHD
10
14

-10 0 10 -10 0 10
X [AU] X [AU]

z |AU]

25

log density [g/cm?3]



@‘ Non-ideal magnetohydrodynamics

» Strong field, initially vertical magnetic field
» Small scale structure

\ Ideal MHD / " Non-ideal MHD
10
0 | | %
-10 m
-10 10 -1

0

Z [AU]

0 0
x [AU] x [AU]

10

26

log |B| [G]



@. Non-ideal magnetohydrodynamics: Hall effect

» Depending on the relative orientation of L & B, the Hall-induced rotation will contribute to or
detract from the initial rotation

L & B are aligned L & B are anti-aligned
A A A A A A
( <> Direction of initial rotation TS
Hall-induced rotation &5

27
see also: Braiding & Wardle (2012a,b) v v V¥ v v ¥



These simulations brought to you by...

» The smoothed particle radiation non-ideal magnetohydrodynamic code spANG (Benz 1990)
» These studies were performed prior to Phantom having radiation transport as flux limited
diffusion

»Magnetic stability
» artificial resistivity: Tricco & Price (2014)
»divB cleaning: Tricco, Price & Bate (2016)
> artificial resistivity: Price+ (2018)
»divB cleaning stability: Dobbs & Wurster (2021)
»to activate, set Adivbmax_max = 512 in the .in file
(don’t worry, a warning will appear if you need to do this)

»Non-ideal MHD (via Nicil Library)
»version 1: Wurster (2016)
»version 2: Wurster (2021)
»V2 is in the current version of Phantom



Ll ['ormation of a low-mass star

Time: 244.47 yrs ; 4% Time: 244.47 yrs : 8 Time: 244.47 yrs

29
Waurster, Bate & Price (2018c¢) https://www.youtube.com/watch?v=2SQxgXbdJyg&t=8s Music: Jo-Anne Wurster


James Wurster
https://www.youtube.com/watch?v=2SQxgXbdJyg&t=8s


Rotationally supported discs

»Discs form in the hydrodynamics model and the non-ideal model with —B,

y [AU]

y [AU]

y [AU]

y [AU]

x [AU] - x [AU] x [AU]
» Discs form during the first hydrostatic core phase
» Similar disc structure obtained by Tsukamoto+ (2015a) with +B,

Waurster, Bate & Bonnell (2021); Wurster, Bate & Price (2018a,c)

30
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Rotationally supported discs

»Discs form in the hydrodynamics model and the non-ideal model with —B,

iMHD '-‘w ohaMHD+ ohaMHD-
lw E E
— I I 7 | I 1 B
: 110 2§
- O, =d: 4
E b
2 ER
5 -
; o
= - 1 g
2 5 107 =6
S 3 S
© g’ 2
2 -
= ol
8 EE
% 0 8
S) c 6=180° - - -- - 310" GF
< 81018 PR SN T ST LS Y| LA S (T g
” E 1077 107 107 10" 10" 1072 107! of
density [g cm™] : 0
50 0 50 50 0 50 50 0 50
x [AU] x [AU] X [AU]
ohaMHD+
=
<
>

x [AU] - x [AU] x [AU] x [AU]
» Discs form during the first hydrostatic core phase
» Similar disc structure obtained by Tsukamoto+ (2015a) with +B,

Waurster, Bate & Bonnell (2021); Wurster, Bate & Price (2018a,c¢); inset: Tsukamoto+ (2017)
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Rotationally supported discs

» Sub- and trans-sonic turbulence is not enough to permit the formation of rotationally supported
discs when employlng ideal MHD

+z
5 5 6
nB_,
.
T 0
0 4

2
log column density [g/cm?] log column density [g/cm?]

Wurster & Lewis
(2020a)
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»
’ . ) e ® . ' y I/’
» Stars do not form in 1solat10n.-gp. T T i «>5: Shp o W

v - . ~ . 2z 6‘/ > - A l'
» Star forming environments, on:theilarse stfa?aare turbulent
: s e T '
. By v 7

Orion Molecular Cloud. (image credit: Drudis & Goldman via APOD)



L W Cluster Formation: Effect of non-ideal MHD

Time: 1.9%x107 Myr

Non-ideal MHD, po=3

0.50 pc

Hydro

0.50 pc

Music by Jo-Anne Wurster

I
|

Wourster, Bate & Price (2019)

T T T T T | ¥
| 1 I I I | L —

-3

-2

Wourster, Bate & Price (2019)

-1 0
log column density [g/cm?]

https://www.youtube.com/watch?v=VZixbkDMZO8&t=2s

Music by Jo-Anne Wurster


James Wurster
https://www.youtube.com/watch?v=VZixbkDMZO8&t=2s


N stars

Mstars [MSUH]

Cluster Formation: Stellar Mass

> No trend when stars form

»Excluding NO3 & 103, there is more mass in stars with weaker initial magnetic field strengths

time [kyr]
180 200 220 240 260 280 300

time [kyr]
180 200 220 240 260 280 300

time [kyr]
180 200 220 240 260 280 300

time [kyr]
180 200 220 240 260 280 300

25

20

A
/I

time [tg]

Waurster, Bate & Price (2019)
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" W Cluster Formation: Protostellar discs

» Large protostellar discs form in a/l our models

NO3

- - -
NO5
Hyd

o
105

. 0]
110
° --
120
I -
-1 -0.5 0 0.5 1

1.5 2 2.5

log column density [ g/cm?]

Waurster, Bate & Price (2019)



NGC 1333 IRAS 4A 1.3 mm

1.0" (300.0 AU)

L1448 IRS2 1.3 mm

N20
@ ,
Hyd
.
.
103
105
110
o »

1.0" (300.0 AU)

SVS13A 1.3 mm

N 1.0" (300.0 AU)

" W Cluster Formation: Protostellar discs

Per-emb-17 1.3 mm

1.0" (300.0 AU)

Per-emb-27/IRAS2A 1.3 mm

4 1.0" (300.0 AU)

L1448 IRS3C 1.3 mm

1.0" (300.0 AU)



» Large protostellar discs form in a/l our models

NO3

Dec (J2000)

IliillIIIIIIIIIIIIIII!IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
NO3 [ee— [ e o | | E——
log column density [ g/cm?]
-1 0 1 2 3
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-0.015

-0.02

|
!
J
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-5%x1073 -5%103
x [pc] x [pcl]

..

-0.01 -0.01

Dec (J2000)

-1 -0.5 0 0.5
log colum
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Waurster, Bate & Price (2019)
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L1448 IRS2 1.3 mm
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3:25:22.3

224
RA (J2000)

SVS13A 1.3 mm

>
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RA (J2000)

Discs in Perseus (Tobin+2018)
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Waurster, Bate & Price (2018c, 2019); Wurster (2021)



" W Cluster Formation: Protostellar discs

» Stellar & disc hierarchy is continuously evolving

» There exist circumstellar discs, circumbinary discs, and circumsystem discs

» All discs are strongly magnetised

»Left: O = circumstellar disc; x = circumbinary disc; A (O)= circumsystem discs about 3 (4) stars
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t" W Cluster Formation: Protostellar discs

» Large protostellar discs form in a/l our models

. 1
-1.5 -1
log < |B| [G] >

Waurster, Bate & Price (2019)
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Cluster Formation: Protostellar discs

» Large protostellar discs frequently form and interact

0.01

log column density [ g/cm?]

5x1073

z [pc]

-0.02 -0.015 -0.01
x [pc]

Waurster, Bate & Price (2019); see also Bate (2018) for a video the formation and evolution of 183 hydro discs



8 Conclusions

» Star forming molecular clouds are only weakly ionised
»Ideal MHD is a poor description
»Isolated, low-mass star formation:
» Large discs only form in the hydrodynamic model and weakly ionised model with -B,.
» this resolved the magnetic braking catastrophe
» The Hall effect can cause counter rotating envelopes to form
» When using non-ideal MHD, the maximum magnetic ficld strength is not coincident with
the central magnetic field strength
» Star cluster formation:
» No trends amongst most of our parameters
» Discs form in all of our models, suggesting that the magnetic braking catastrophe is a
result of poor initial conditions

» WARNING: Microsoft now considers BitBucket links to be malicious and blocks emails
containing them

University of G IAATILI DIRAC
St Andrews EXETER r C o o M%E@SH

James Wurster jhwS@st-andrews.ac.uk  https://jameswurster.bitbucket.io/



