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“There 1s no Solution without Mesh”

- Tahar Aman, yesterday



Smoothed Particle Hydrodynamics
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Smoothed Particle Magnetohydrodynamics

Price & Monaghan 2004a,b,2005, Price 2012




Smoothed Particle Magnetohydrodynamics

Price & Monaghan (2004a,b,2005), see review by Price 2012, J. Comp. Phys. 231, 759

advection of a current loop

(Gardiner & Stone 2006,
Rosswog & Price 2007)

Orszag-Tang vortex problem Magnetic rotor problem (Téth 2000, PM05)

7-wave MHD shock (RJ95) (Balsara 1998, PMO05, Rosswog & Sz
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Previous approach: Euler potentials

(Rosswog & Price 2007, Price & Bate 2007, 2008, 2009, Brandenburg 2010)

do

e
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& advection of magnetic fields: no change 1n topology

(A.B = 0)
~® does not follow wind-up of magnetic fields

& ditficult to model resistive eftects - reconnection
processes not treated correctly



Hyperbolic/parabolic divergence cleaning

Dedner et al. (2002), as adapted by Price & Monaghan (2005)
See also Mignone & Tzeferacos (2010)

dB = damping time:
(E) — o
e
Ch
oy :_62v.]3_% o =0.2-0.3 in 2D
dt z T o =0.8-1.0in 3D

Combine to produce damped wave equation for div B:

0%(V - B) 2V2(V.B) - 19(V-B)

ot2 =




Hyperbolic/parabolic divergence cleaning

Dedner et al. (2002), c.f. Price & Monaghan (2005)

Control
10 ¢ T T T T =
1 L..7 ﬂ. f v :
" Lt ""’ ""’;” ‘\""' "““‘ e '.'.' ‘\. "‘\‘P -.,’Ml',; N , f"' '9"'. (£ "'.' "4
L] _\ -
Hyperbolic o1 fy ]
B R Z
= \
£ 01 _
© 00 O\ Control i
E \ Hyperbolic - - - - -
w i Hyperbolic/Parabolic — —
> - —
2 0001 | \ -
o i \
= i \\v
Hyperbolic/ _
Parabolic le-05 | b
1e-06 ! . ' ' l |
0 2 4 6 8 10

Time



[ssues at density jumps + free surfaces
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Constrained hyperbolic/parabolic divergence cleaning
Tricco & Price 2012, J. Comp. Phys. 231, 7214

& Define energy associated with ¢ field

BQ
E:/ Ee dV.
Dty 2
: e
Find: TE— .
Alsoneed: - S¥— =25\ B Ca LyV - v.
T



Constrained hyperbolic/parabolic divergence cleaning
for smoothed particle magnetohydrodynamics

Tricco & Price 2012, J. Comp. Phys. 231, 7214

B BQ 2
= L HoPa  HOPaCh _

dE B, (dB, Yo dipy
_— — Z me - I 5 — O
d? -  HoPa dt /.,  Hopacy dt

Constrains the numerical operators

for Vy and V.B



Constrained hyperbolic/parabolic divergence cleaning

for smoothed particle magnetohydrodynamics
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Does 1t work?

Control Resistivity Euler Potentials Divergence Cleaning
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Star formation with divergence cleaning
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26890 yrs

1000 AU

Price, Tricco & Bate (2012)



26650 yrs




27140 yrs

L

A

0

log column density

1995 1998 2000

The Dynamic HH 30 Disk and Jet HST ¢ WFPC2
NASA and A. Watson (Instituto de Astronomia, UNAM, Mexico) * STScl-PRC00-32b




First and second core

(Larson 1969)

Yett = 1.1
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Cs P, P < Pc
R cgpc(p/pc)”f5 =00 o
c3pe(pa/pe)’’®palp/pa)t  p > pa

~& Temperature 1n core

constant, then rises
above 10-1° g/cm?

At ~2000K, Hoy
dissociates, leading to
second 1sothermal

phase and collapse to
form the second,

protostellar core.

This core accretes to

reach final stellar mass
and contracts until

fusion sets 1n

First core 1s SHORT LIVED (1000 - 10,000 years)
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Radiation-MHD to the second core
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Comparison of Mach 10, hydro turbulence
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Good agreement between methods...

PDF (In 0/00)

. Figure 6. Time-averaged PDF of the logarithm of the density field s = In p
from the pHanTOM [SPH, dark (black in online version) lines other than
dotted] and FLAsH [grid, lighter (red in online version) lines] calculations,
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Small-scale magnetic dynamo

Tricco, Price & Federrath (2013, in prep)




Magnetic

Emag/ Emag,O

le+10

1e+08

1le+06

10000

100

energy

o el e

SPH 128° fixed resis — —

SPH 128é, new resis

SPH 256°, fixed resis — —

SPH 256é, new resis

10

20

30

40 50 60

Tricco, Price & Federrath (2013, in prep)



Two tluids



Dust + Gas: A simple example of a
two-fluid mixture

“® Two fluids coupled by a drag term

2 “Stopping time”
aﬂtg RV (ﬂng) =0 e
Opd = K(pa+ pg)
== e
ov NEE
6’tg | (Vg V) Vopees pgg K vg— Vg) =k
0,
M2 (Vd V) N —K(Vd — Vg) =5 f,



If you don’t understand simple examples,
you'll be really flummoxed when it comes
to the complicated stuft

- Phil Collella, yesterday



Dustywave: Waves 1n a two fluid medium

Laibe & Price, 2011, MINRAS 418, 1491

o Aei(kx—wt)

5%105 o
Tl
Dispersion relation: =
5x10- o=
W+ iK (Ai o i) e e SO W LG k?cg =0 oo e
Pg  Pd Pd 5%10°
$ ’ 5x10-3
Lamit of strong drag: g
-5%1073
A oS
B i o s ) '?gpd - kQCS (1 Z ) :
K (pe + pa) z
: -5%1073
Effective sound speed:
E __% xSxIO;
Ci=CsA—=C4 (1 + '?d> 5x10°
it




Dustywaves: Analytic solution

Laibe & Price, 2011, MINRAS 418, 1491
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Resolution study

Laibe & Price, 2012, MNRAS 420, 2345

\  Very ditficult to

"\

converge when

o v b =
S et g °
_5x10-5 XA R AR XA AEREE A IRREAKAEAAARE -~ t ’
= r (]rag 1S S I'OIlg.
)
3 —— analytic \
- Taiis, Y\
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Figure 8. Resolution study for the pusTywave test in 1D using a high drag 6 2\
coefficient (K = 100) and a dust-to-gas ratio of unity using 32, 64, 128, 256, -16 - =]
512 and 1024 particles from bottom to top. At large drag high resolution is = o
1 1 l 1 1 1 1

required to resolve the small differential motions between the fluids and L L
thus prevent over-damping of the numerical solution, corresponding to the
criterion i < c¢ts, here implying > 240 particles. See also Fig. 9.



Dustyshock

Laibe & Price, 2012, MNRAS 420, 2345
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RESOLUTION CRITERION

Laibe & Price, 2012, MNRAS 420, 2345

Temp Oral: N Tt op (can be fixed with implicit
timestepping methods)

SP atlal: Az 5 tstop Cs (cannot be fixed)

ez

e e IS
= P Axr — 0

(K — 00)

& Require infinite timesteps AND infinite resolution
in the obvious limit of perfect coupling!



DUSTY GAS WITH ONE FLUID

Laibe & Price (2013, submitted to MNRAS)

& Reformulate equations on the barycentre of both

fluids
e PgVg T PdVd
Pg T Pd

& Change of variables, from v,,vq, pg, pa

to v, AV? Py /Od//)g



TWO BECOME ONE

A phoentx from the ashes

One mixture with decay of differential velocity

dp
E = —p(v.V),
= = (pgpde)’
d? p==p p
iy Py (s
dt \ pg £ p
dA A P 1 =
e = Vit (Av-V)v+ =V ('Od pgAv2>.
dt Ls Pg 2 Pd + Pg

Laibe & Price (2013, submitted to MNRAS)



Strong drag/small grains
Laibe & Price (2013, submitted)

~& Equations simplify further 1n this limit

AV:vpgtS
Pg
dp
— = —p(V.
de=> o VH Note: P, = ép
d¢ =
== . -
dt \ pg Py pfpe

Valid when tsop < At



: ' TWO FLUIDS

DUSTY WAVES

Laibe & Price (2012a)
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ONE FLUID

1ce (2013, in prep)

Laibe & Pr

DUSTY WAVES
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u

Dustyshock with one fluid




Summary

New conservative formulation of hyperbolic
divergence cleaning

Enables robust maintenance of divergence-free
condition in Smoothed Particle

Magnetohydrodynamics
Applications to magnetic jets, dynamos

General spatial resolution 1ssue in two-fluid
mixtures 1n limit of strong drag



