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The am in 1976 was
to simulate star formation

which occurred in a complicated way
iINn complicated regions.



The only available techniques
were finite difference and they
were complicated for star formation
problems.

Bob Gingold and | decided to try
a particle method.



First SPH paper by RAG and JUM
evolved models to
a static state.
The code did not conserve
momentum

Mon. Not. R. astr. Soc. (1977) 181, 375-389

Smoothed particle hydrodynamics: theory and
application to non-spherical stars

R. A. Gmgold and J. J. Monaghan* Institute of Astronomy,

Madingley Road. Cambridge, CB3 O0HA



A related paper by Leon Lucy discussed
fission of stars. The algorithm did not
conserve momentum.

THE ASTRONOMICAL JOURNAL VOLUME 82, NUMBER 12 DECEMBER 1977

A numerical approach to the testing of the fission hypothesis

L. B. Lucy”

Institute of Astronomy, Cambridge, United Kingdom

European Southern Observatory, Geneva, Switzerland
(Received 12 August 1977; revised 16 September 1977)

A finite-size particle scheme for the numerical solution of two- and three-dimensional
gas dynamical problems of astronomical interest is described and tested. The scheme
is then applied to the fission problem for optically thick protostars. Results are given,
showing the evolution of one such protostar from an initial state as a single, rotating
star to a final state as a triple system whose components contain 60% of the original
mass. The decisiveness of this numerical test of the fission hypothesis and its relevance
to observed binaries are briefly discussed.

300 particles used



RAG AND JJM
fission of a rotating gas cloud using
80 SPH particles and equations
based on a Lagrangian in 1978

R. A. Gingold and J. J. Monaghan
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Fission with 800 SPH particles

in 1979

Higher resolution gives higher

accuracy

Binary fission in damped rotating polytropes — If 41
30 - 10
R “
R T =80 R T
54 LI sq *
d . e
O"‘
- 5
= 10—y -
AR B 2 o o o o rr—TTTrrrr
-10 -8 [} 0 5 0
(2) (b)
10 =y
;
3 T 99 ) Te 137
“
—
B
O
- 54
.
=TT T T T T T T T T T =10 ML e e S s
=10 -5 5 10 -10 -5 0 s 10 15
(<) (d)



But this was far removed from
current astrophysical
SPH calculations



How did we get from
the low accuracy of 1979 to
the high accuracy of 2015 for
astrophysical problems?



Many of the SPH algorithms now used can be
found by elegant methods that now seem
obvious.

But the way you find things out is
to try many things for simple cases
until the correct form is found.

Then you often
cover up the hard work.



Some of this work is in my
notebooks




Here are some of the topics
considered in the first
notebook.
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Implementing a boundary condition
by a Lagrangian multiplier constraint

v-n=0 boundary condition

3/2
PP I\ rex)? _
- T

i P




Lagrangian used by
RAG and JUM in 1978

Kinetic pressure gravitational
ene{gy energy
spherical \polytrope. Using the new vafiables #becomes
erf(uai/h)
N 52 Uaj
where
Q( 1 )3/2 N ug]
D,= exp (———-)
“ N\nn? ,Z:, - ¥ T Kkernel

Why use a Lagrangian ?



Software improvements

Improved kernels.

Improved rule for h.

Faster accessing of particles.

Finer control of dissipation e.g viscosity when
simulating shocks.

Extended use of Lagrangians.

Methods to make Div(B) very small in MHD.

> Wi~

o o

Different people will have different favourites



Kernels



(Gaussian kernel

spherical polytrope. Using the new variables .#becomes

MOZ { X2 B n? Dl/n Z erf(ua,/h):
N 62 n+1 ”
where

5 ____Q( 1 )3’2 N xp (_.ugi‘)
a s
N\mh*] 5 - h? Gr— Kernel

1. The gaussian kernel is continuous.

2. When <500 particles used
the large range was not a problem.

3. The gravitational forces could be smoothed
easily and consistently.



Spline kernels 1985

Finite domain

1 2(3—v%); 0=v=3
Ws(",h)=m 3—-v)?; Svs3 (20)
0; >3,
, 5G—v+30°): 0=0v<1
Wl(",h)=‘7'tﬁ 2(2—v)°; 1=Svs2 (21)
0; v>2,

where v=r/h. The kernels are normalized so that

dn | W(r, Byridr=1.
0



Wendland Kernels Wendland 1995
JIM 2005 Dehnen and Aly 2012

An example in two dimensions

= r/h
7 q ="

= 32— q)*(1 + 2q)

Wi(q)

An example in three dimensions

21

— 2 —q)*(1+2

Wi(q)




Super kernels

Designed to remove higher order errors due
to smoothing. They are corrupted by errors
from approximating integrals by summation.

| - — can be
_ —2 (2 2 negative
1979 Wi(q) 7T3/2h36 (2 q )
this repels
1980 W(q) = 3/42 36—q2(1 _ §\/;q) because derivative
w3/ 2h 3 does not vanish at
q=0

2015 Hu + Adams



Combination of super and ordinary
kernels

Wi(q) = 0Ws(q) + (1 —0)W,(q)

The super kernels can be negative

switch to ordinary near shocks
switch to super otherwise

he problem is how to make a good switch



Different kernels can be used for
different processes.

1. Viscous terms.
2. Thermal terms.
3. Drag terms for dusty gas



An example.
A kernel for the viscous term 1988

ahme S (v - 2% One dimension

p = / uou

if there are sinusoidal oscillations

—iwahc Z a(l — e_iK(j_k))a—W

. uoUu
J
the continuum limit with a Gaussian kernel

iw}CLaQ (1- €_K2/4) N
as K goes to

VASI(®



By choosing a super kernel

1 9 2
_ (2 —u“ 9 —Uu /2)
V=g (2 = Ve

you get a dissipation term

(1—6_K2/4)2 — K*?

my notebook contains several pages of
discussion of different kernels in 1D and 2D
to reduce viscous effects.
Nothing was published.



Drag terms for a dusty gas

(Laibe and Price)

Example

W(q) x g?e~ @ /"

VAVAS

Also used, but without
success, by Joe Morris to remove
the tensile instability




Flexibility

The use of different kernels for
different processes is
equivalent
to a finite difference scheme
with
different grids for different processes.
This is very difficult to do
SO no one does it!



Calculating the gravitational field



Finding the gravitational field
In the early days.

V20 = AnGp

substitute
|\ 3/2
L T —(I‘—Pa)Q/hQ
)= () T

and integrate exactly.



These methods were superseded
by

1. Finite difference methods (4th order)

2. Tree codes



Resolution length h

Need to choose h proportional
to a natural length scale. For astrophysics
we thought the natural length scale came from the
gravitational energy

1
h o
qrav enerqgy

Gravitational energy

where J = I/n°. In (Z./) tne SelI-energy erms (7 = /) ImMust DE IIICIUUCU USLAUST UIT pPalucics
represent distributions of matter not points. When using the Gaussigaw'Smoothing functions /
occurs frequently in the form 1/h% For this reason, in our ¢ ations, we determine 1/h?
which, according to the above, is given by

Al (@) s [ g
0

h? N*\n! FF Iy —rl

(2.8)

The constant A4, in the range 4 < A < 8 gives satisfactory results when V= 80. For larger
values of NV, A can be made larger, the trend being approximately 4 « N*'7 (GM).



h was later related to the
average density

1

ho<<p>1/d

where

~ ~ 2 2
>4> e i/ = constant

e

U

Therefore h was constant in space
but varied with time.



The reason for this is that we
didn’t know how to take account
a spatial variation in n.

This has now been resolved for
compressible flow by taking

ph® = constant

then using a Lagrangian to get
the equations of motion.

Daniel Price: J. Comp. Phys. vol 231,(2010)

J.J. Monaghan: Rep. Prog. Phys. vol 68, (2005)
J. . M. MNRAS 2002, Springel + Hernquist MNRAS 2002.



See the paper concerning
h for astrophysical problems
with magnetic fields
Ben Lewis



Variable h Is even necessary with
incompressible fluids if they
contain dust and other
particulate matter



SPH simulation of dust and water

Note the inhomogeneous SPH dust particles
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Accessing particles

1. Direct summation & using symmetry

2. Link lists & Rank lists

3. Tree code



A key improvement came from
Hardware which meant more
particles.

Date n
1977 40
1978 80
1983 1000 direct
1986 12,700 < | summation
1997 93,000 <«—— |[ink list
Clusters of 2005 ~ 10° ree code
Drocessors 2015 10° — 10%°

2025 107 — 10%

CDC and Vax
computers

This Is approximately Moore’'s Law



Using these various technigues
Matthew Bate simulated star formation
INn detall.



Matthew Bate - Exeter

SPH simulation of Stars forming in a large gas cloud

@ ® ClusterXT1810Z_H264B-4643.m4v

~ 8. . UK Astrophysical
L e |
o6 Fluids Facility

¢ Matthew Bate %H:R



In astrophysics magnetic field
produce important forces



SPH Magnetic field simulations
The 8 year jump

r?

Rag + jjm Phillips Price+ jjm  Price + Tricco
1977 + jjm 1985 2004 2012
The cruc_:lal V.B =0
constraint

satisfied by introducing an extra equation



dark matter

' 10
Springel et al. Cosmology 10 SPH particles

galaxies
forming




SPH

Gas and Dark matter 3 x 10° .
particles

Figure 1. A 100 x 100 x 20 cMpc sbice through the Ref-L100N 1504 simulation at z = 0. The intensity shows the gas density while the colour encodes the

whi
g5 lempersure using different colour channels for gas with T < 10°° K (blue), 10°° K < T < 10°* K (green), and 7 > 10°° K (red). The issets show regicas

Mon. Not. Roy. Astro. Soc.
Schaye et al. 2015



SPH extended to problems
Involving water in 1994



The Volcanic eruption of Thera 1500 BC & its
effect on the Minoans

Cliff
- 200m high

— yachts in the
Caldera

deposits from
pyroclastic flows

30 m deep

51



Ic flow at Montserrat

Pyroclast

T =6000C

steam



For marine scientists and engineers
one aim was to simulate
waves on the coast or ships
In a storm.




Simulating the flow of water
with and without solid bodies

began in 1994,
using the early astrophysical algorithms.

A key point was to make the fluid
weakly compressible.



The first simulations were
simple.



1994

2D dam break with 3000 SPH patrticles

G
."!;‘.-_'\“\'y AN

\ ?‘l\. \‘l\\&\&\\\\ \
B

0 2o

—

L 3)
AR

.

40
x position

80

40 '

» p°81 tion

80

Wedge



Around 2005 they became more complex.

See also the Web site for the company
Next Limit specializing in special effects.

SUPERMAN RETURNS



Casting of Aluminium Ingots
from a fadewheel system

CSIRO

Paul Cleary, Mahesh Prakash
Joseph Ha
based on codes from ||M

500000 liquid particles
boundaries with boundary particles
2001






Some new technigues were found such as

moving with a different v
hote

XSPH 1989 /
N my



Extended to turbulence

eSPH 2011 conservation
Note

Conserves circulation accurately
and
truncates the spectrum



another formulation

2013  correcting the acceleration using a
adami huadams ~ constant background pressure

dv, 1
dt Pa

Vg (t + dt) — Vg (t) + dt < vpback)



The Future

Speeding up the code

1.Hardware improvements:

memory and cycle time and
communication.



2. Possible Software improvements

1. Something like PIC with 2 sets of particles

2. Multi-set iteration Similar to Multi-grid
for Heat conduction.

3. In link-list cells average properties.



PIC like scheme

@ ©0©

B B
% /@ % ﬁ 0
Calculate forces on the bldck ringed particles

Map these forces to the other particles




Multi-set iteration Similar to Multi-grid
for Heat conduction.

Instead of grids use subsets of particles
which have greater spacing and faster
convergence.






The green denotes virtual particles




A plasma medical tissue

general relativity biology
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There 1s much more that can be
considered.

| look forward
to hearing about unexpected
and useful ideas during
the next few days.

Thank you



