Comput Visual Sci (2005) 8(2): 49-68
DOI 10.1007/s00791-005-0152-9

Computing and
Visualization in Science

REGULAR ARTICLE

T. Bubeck - R. Hiptmair - H. Yserentant

The finite mass mesh method

Received: 11 March 2003 / Accepted: 24 November 2004 / Published online: 23 September 2005

© Springer-Verlag 2005

Communicated by: G. Wittum

Abstract The finite mass method is a purely Lagrangian
scheme for the spatial discretisation of the macroscopic phe-
nomenological laws that govern the flow of compressible
fluids. In this article we investigate how to take into account
long range gravitational forces in the framework of the fi-
nite mass method. This is achieved by incorporating an ex-
tra discrete potential energy of the gravitational field into
the Lagrangian that underlies the finite mass method. The
discretisation of the potential is done in an Eulerian fashion
and employs an adaptive tensor product mesh fixed in space,
hence the name finite mass mesh method for the new scheme.
The transfer of information between the mass packets of the
finite mass method and the discrete potential equation relies
on numerical quadrature, for which different strategies will
be proposed. The performance of the extended finite mass
method for the simulation of two-dimensional gas pillars un-
der self-gravity will be reported.

1 Introduction

The finite mass method gives a discrete macroscopic de-
scription of the flow of a compressible fluid. It is a purely
Lagrangian approach based on first principles of fluid me-
chanics. The main idea is to discretise the fluid by means of
a finite number of mass packets which are called “particles”.
These particles have finite extension, move independently,

T. Bubeck
SFB 382, Universitit Tiibingen, D-72076 Tiibingen, Germany
E-mail: tanja_bubeck@web.de

R. Hiptmair ()

Seminar for Applied Mathematics, ETH Ziirich, CH-8092 Ziirich,
Switzerland

E-mail: hiptmair@sam.math.ethz.ch

H. Yserentant
Institut fiir Mathematik, TU Berlin, D-10623 Berlin, Germany
E-mail: yserentant@math.tu-berlin.de

and can intersect and penetrate each other. Their motion is
determined by internal and external forces, and they obey
the laws of thermodynamics. The finite mass method was in-
troduced by C. Gauger, P. Leinen, and H. Yserentant in [9]
and is an extension of earlier works of Yserentant: whereas
in [21] the particles have a fixed shape and size, they are al-
lowed to change their size in [23]. Finally, in [9] the model is
supplemented such that the particles can even change their
shape by linear deformations. Extensions and special vari-
ants are described in [14, 15].

The main merit of the finite mass method is its fairly
comprehensive rigorous theoretical underpinning. In [21,
22] compactness and convergence results for simpler vari-
ants of the finite mass method are given, and in the case of
flows with given force and velocity fields its convergence is
analysed in [25]. The propagation of sound is studied in [24]
for a simplified particle model.

The finite mass method is a new member of a large class
of Lagrangian schemes in computational fluid dynamics.
Another representative are techniques known as smoothed
particle hydrodynamics [1, 20], which are widely used in
computational astrophysics. Many strategies have been de-
vised to model long range graviational interactions in these
schemes, some based on so-called tree methods [12] some
on the discretisation of elliptic PDEs on Eulerian grids [7].

The latter idea will be pursued in this paper: we will rely
on a finite element discretisation of the potential equation
on a mesh fixed in space. This mesh will undergo dynamic
adaptation to reflect the distribution of mass. Crucial will
be the transfer of information between the particles and the
discrete variational problem on the Eulerian mesh. Besides
theoretical investigations of the fully coupled (semidiscrete)
scheme, this new aspect of information transfer will receive
much attention in this paper.

A brief outline of the paper is as follows: In the next
section we present a short introduction to the finite mass
method, closely following [9]. In the third section we ex-
tend the semi-discrete finite mass method to cover effects
due to the potential field created by the mass of the particles.
Since these effects result in force terms containing integrals
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which cannot be evaluated exactly, their discretisation is de-
scribed in Sect. 4. The fifth section deals with some aspects
of the implementation. In addition to the implementation of
the force terms, adaptive mesh refinement, and the total com-
putational costs are discussed. Finally, in Sect. 6, we report
some illustrative computational experiments of gas columns
under the influence of self-gravitation.

2 The finite mass method
2.1 The description of a particle

The mass packets that describe the distribution of the fluid
matter in the finite mass method are characterised by an in-
ternal mass distribution that is given by a fixed continuously
differentiable shape function i : RY — Rt,d € N,on a
reference particle. This shape function has compact support,
is nonnegative, and satisfies
[ pmay=1. [ woway=o 1)
R4 R4

which means that the total reference mass is 1, and that the
barycentre of the reference particle is the origin. Further, the
reference particle has identical principal moments of inertia
/Rd vOMyyirdy = J8u, 2
where y; are the components of y € R? and J € R*. In the
computational examples of Sect. 6, for the shape function
Y we use the tensor product of normalised third order B-
splines as in [8, 9].

Then, arbitrary particles are obtained by linear affine
transformations of the reference particle. The motion of a
particle labelled with index i is described by the trajectories

xy(-) € R of the points y belonging to the reference particle
as follows:

xy i RT — RY : t v qi(t) + Hi(1)y,

where g;(t) € RY determines the position of the barycen-
tre of the particle and H;(t) € R?*4 with det H; (1) > 0
its deformation at time ¢. This deformation matrix H; deter-
mines the orientation in space, the shape, and the size of the
particle.

The velocity of the points of a particle is seen to be

t — q/(t)+ H(1)y,

q(®+H@® y

™~

Fig. 1 Motion of a particle with index (label) i

by which we obtain the velocity field of a particle with re-
spect to space coordinates as

Vi, 1) = g/ (0) + H{(OH ()™ (x = ¢:(1)).

Accordingly, the normed transformed shape function
Yi(x,t) of the reference particle corresponding to the ith
particle is given by (cf. [9, Eq. (2.17)])

Y HT O — qi(0)
B det(H; (1)

With m; € R denoting the mass of the particle, we

obtain its mass density by m;{; (x, t).

Vilx, 1) :

2.2 Global quantities

From quantities of the individual particles, global quantities
like the total mass density and the velocity field can be de-
rived. For the sake of lucidity, in the following we occasion-
ally omit the dependence on time in the notation (in particu-
lar for ¢; and H;).

The total mass density is given by superposition of the
mass densities of the individual particles

N
px, 1) =Y miyi(x, 1),

i=1

3

where N € N denotes the number of particles.

Since the particles can intersect each other and have dif-
ferent velocities, the total velocity field at a point in space
is not given directly. To obtain the velocity field of the flow,
we first look at the total mass flux density, which is given
by superposition of the mass flux densities of the individual
particles

N
JOe 0 =y mii (x, i, 1),
i=1
Since the velocity field v of the flow is defined by the relation
jx,t) = p(x, t)v(x, t), it has the form

N
v, ) =Y xilx, Dvilx, 1),

4
i=1
with the local mass fraction
miyi(x, 1)
Xi(x, 1) = ———=, )
p(x, 1)

In order to describe the thermodynamic state of a fluid, a
second thermodynamic quantity besides the mass density is
required. The finite mass method uses the entropy density s
which is given by

N
S =) miSi OV (x, 1),

i=1
where S;(f) € R denotes the specific entropy of the ith par-
ticle at time ¢. If the specific entropies are constant in time,
the particles are thermically isolated from each other.
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By Gibbs fundamental relation, the pressure 7 and the
temperature 6 can be expressed through the internal energy
per unit volume, the mass density p, and the entropy density
s according to'

de oe de

w(p,s) = %p + Pl 0(p,s) = 35

More details can be found in [21].

2.3 Equations of motion

To derive the equations of motion of the particles by the
Lagrangian approach, the energy of the system of particles
has to be considered. In our case we can distinguish the ki-
netic and the internal energy.

The particle i has the kinetic energy (cf. [9, Eq. (2.31)])

. 1
Ef" (1) = _/ mipi (x, O)]v; (x, 1)|* dx
supp(¥; )

1
= §<mi|q;|2 + Jm;|H] %),

where | - | denotes the Euclidian vector norm and the Frobe-
nius norm of a matrix, respectively. Then, the total kinetic
energy is obtained by superposition of the kinetic energy of
the individual particles

N
ENY(1) := Y EFM).
i=1

The internal energy of the system is given by

EM(r) = /Rd e(p(x,t),s(x,1))dx. (6)

The Lagrangian of the system of particles is defined by
L(t) == EX0) — E™(0),

which determines the motion of the particles by the
Lagrange equations (cf. [9, Eq. (2.36)])
d oL 9L d oL oL

- = - - 7
dt dq,  9q; dt 9H!  9H, ™
Note that the kinetic energy EXi? does not depend on ¢; and
H; whereas the internal energy E™ does not depend on ¢/
and H/. Inserting the mass packets, the equations of motion
for an individual particle have the form

,  OE™ 9
miq; = — =—-—— e(p,s)dx,
agi 9qi Jre
JmH”——aEmt 0 &( d
iH/ = = p,s)dx.
81‘1,' 81‘1,‘ R4

! For the fundamentals of mechanics and fluid dynamics we refer to
[11, 17] and [3, 4, 18], respectively.

The terms on the right hand side represent the forces of in-
ternal pressure. With the normalised forces

1 9E™ ] de ) A

Fj = —_— :—/ —8+S1_8 ﬂdx,
m; 0q; Rrd | 00 as | dqi
1 9E™ ] de ) Ay

M; = —— Z—f —8+Si—8 ﬂd)C,
m; 31‘11' R4 3,0 as 3Hl‘

where the particle mass cancels, the equations of motion be-
come

®)

g =F;, JH{=M,. (€))
The forces (8) can be simplified using (see [9, Sect. 2])

a .

Wi vy, (10)
9q;

i _ T _

a—f]_ = —[VYil[H ' —g))] —viHT. (11)

Real fluid flow is accompanied by heat generation at
shocks and due to viscosity. As described in [22, Sect. 4]
and [9, Sect. 2] these effects can be taked into account in the
finite mass method, too. Then, the equations of motion (9),
extended by frictional (fr) and viscous (v) forces, have the
form
qi// =F + Fifr + Fiv’

JH! = M; + MT + MY, (12)

2.4 Conservation properties

By virtue of the Lagrangian approach the total energy, the
total momentum, and the total angular momentum are con-
stants of motion. The total energy of the system E'' :=
EXn 1 Ent is composed of the kinetic and the internal en-
ergy. The total momentum is defined as
N
P(1) :=/1,0(x,t)v(x,t)dx = mgq]. (13)
e i=1

In three dimensions the angular momentum is given by

L(t) := / plx,t)x x v(x,t)dx.
Rd
Its components can be represented by

L) :=/ px,H)x -Wivx,t)dx, j=1,2,3, (15)
]Rd

(14)

where the product x - y := xTy, and W;, j = 1,2,3, are
fixed skew symmetric matrices depending on the cross prod-
uct. One can show that these matrices W build a basis of
the space of skew symmetric matrices. Hence, for the con-
servation of the angular momentum it is sufficient to show
%LW(I) = 0 for an arbitrary skew symmetric matrix W
with

Ly () := /Rd px,t)x-Wo(x,t)dx. (16)

Theorem 1 The total energy E*, the total momentum P,
and the angular momentum L are constants of motion, i.e.

d
_Etott :0’
R (1)

For the proof we refer to [9, Sect. 3].

d d
—P()=0, —L()=0.
o Q) 7 (0
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3 Gravitational fields

Gravitational forces are conservative forces, i.e. they can be
represented by means of the gradient of a potential. In three
dimensions the gravitational potential ¢ is determined by the
Poisson equation,

Ap(x, 1) = p(x,1), xR, (17)

which has to be supplemented by suitable decay condi-
tions depending on the spatial dimension d [19, Ch. §], e.g.,
lim|y|—00 @ (x, 1) = 0 for d = 3. We remark that for simplic-
ity the gravitational constant is set to 1. Then, the potential
can be represented as the Newton potential ¢ (s. [5, Chap.
2, Sects. 2 and 3, in particular Proposition 3]) given by with
the fundamental solution I'(x) = g(]x|). Remember that for
d =3 wehave I'(x) = —%ﬁ. We point out that here and
below the integration kernels I'(x — y) are weakly singular
and all integral exists in the Lebesgue sense over RY. Thus,
swapping integration and differentiation can always be jus-
tified.

¢(x,t)=/ F(x—yp(y.0)dy, xeR’ >0 (18)
R3

t >0,

In the following we want to extend the Lagrangian ap-
proach of Sect. 2.3 by gravitation. Thus, we have to con-
sider the additional energy given by the gravitational field.
The potential energy is defined by

EP(1) —1 d(x,D)p(x,0)d
=51, ,D)p(x, X
R

2
and using (18) and (3), it has the representation

1/ 2
= — Vo (x, )| dx,
R4

N
1
ij=1

< [, [ ra=mwoovendyds.
R4 JRA
It enters the Lagrangian as another additive contribution:

L= Ekin _ Ein[ — EPot.
Then, the Lagrange Eq. (7) read

d aEkin aEint § EPot
dr dq]  dqi ¢
d aEkin 8Eim § EPot
dt 0H] —  9H,  0H;

Note that the potential energy only depends on ¢; and H;.
Then, the normalised forces acting on the particle i are given
by the derivatives of the potential energy

T l 3EI t N
er,__
Fl =

-1 0
= —— mgm
m; 0q; 2m; dq; Pt

< / / I — )95 (v, OV (x. Dy
Rd Rd

Since I" is symmetric and v; only depends on ¢; for j =1,
the gravitational force is given by
a .
F = —/ b0 02 (x, 1y d. (19)
R 9qi

Analogously, we obtain for the deformation matrices

ot .
e _ LIEPT —/quﬁ(x,t)a—%(x,t)dx. (20)

! mi aH[ 3H,

By these considerations the equations of motion for a

particle can be extended to
q/ =F +F'+ FY + F¥, an
JH! = M; + M + MY + M¥".

In Sect. 2.4 we have seen that the finite mass method
conserves the total energy, the total momentum, and the to-
tal angular momentum. Now, we show that in the case of
additional gravitational forces these quantities also remain
constants of motion.

Theorem 2 The total energy
EY' (1) := EM"(t) + E™ (1) + EP'(1) (22)

the total momentum (13), and the total angular momentum
(14) are constants of motion.

Proof To begin with, the conservation of the total energy is
an immediate consequence of the Lagrangian approach.
Second, inserting the equations of motion (21) into

% P (t) we obtain

N N N N
d
aTtP(t) = ZmiFi + Z:mil“ﬂifr + ZmiFiv + ZmiFl-gr
i=1 i=1 i=1 i=1
=P+ Py+ P+ P,
In [9, Sect. 3, Theorem 2] it is proved that P, P;, and P}

vanish. Thus, it remains to show that also P; = 0. Using
(10), we have

P==Yom [ 62wy
= Jrd 9qi

N
= Yo [ swvimdi= [ swvpear
i=1 R R

Now, we insert the potential given in (18). Since p has com-
pact support, integration by parts yields

/¢(X)pr(X)dx
Ra’
:/ f T(x — »)p(y) dy Vep(x) dx
R4 JR4

:—/ / VT (x — »)p() dy px) dx.
R4 JRA
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Using V, ['(x — y) = =V, I'(x — y), we find that P; = 0:

f P(x)Vip(x)dx = —f d(MVyp(y)dy.
R4 R4

Finally, we prove the conservation of the total angular
momentum. We have to show that the time derivative of the

quantity defined in (16) vanishes for arbitrary skew symmet-
ric matrices W. With (1), (2), and (4), we obtain

d

d
—Lw () = — ,Dx - W ,Hd
o w (t) dz/de(x )x - Wo(x, r)dx

( miqi -Wq, + JmiH; - WH;)

I
.MZ
Q..l&

Il
-

(m,q,- : qu-// + Jm;H; - WHI-//).

Il
.MZ

1

1

For the last equality we have used that a - Wa = 0 for all
vectors ¢ € R? and A - WA = 0 for all square matrices
A € R?¥*42 Now, inserting the equations of motion (21)
yields

d
“Lw(t) =

N
T > milgi - WFi + H; - WM,;)

i=1
N
+Zmz‘(
i=1
N
+Zmi(%
N
ol

qi - WES + H; - WM
-WFY +H; - WM

WFF + Hi - WM

=LY +Ly+L5+Lj.

It is shown in [9, Sect. 3, Theorem 3] that the first three
terms vanish separately. Hence, we only have to consider
LQL. For the following computations, we recall (10) and (11).
Moreover, we use that

A - Bab" = Ab - Ba, (ACT). B

A-(BC) = (23)

holds for all square matrices A, B, and C, and all vectors a
and b. With these relations we obtain

g W ow Y vy,
aqi 0H;

Now, inserting the gravitational forces (19) and (20) in
L/, yields
4

2 Wewrite A- B = tw(ATB) = ),
and B.

ajjb;; for square matrices A

Y o
—Zmz'X/ ¢>(x)<ql L) Hy W
i=1 R

W i
RS ))

N
g, /Rdas(x)(Wx Vyidx
i=1

—/Rddb(X)(Wx - Vp(x))dx.

Using the first equation of (23) with B = Id, L/, becomes

—/ d)W - Vp()xT)dx

Rd

=—W-. fd¢(x)(Vp(x)xT)dx = —W - K.
R

As it is shown below, the matrix K is symmetric and thus,
L, = 0, because W is skew symmetric. To prove the symme-
try of K we considerits entries k;;,i # j,i, j =1,2,...,d.
Integration by parts yields

ad ¢
kij = _/Rdd)(x)a_;(x)xj dx = _/Rd 8—Xi(x)p(x)xj dx

because of the compact support of p. For the symmetry of K
we show that k;; — k;; vanishes. With the potential ¢ (x) =

Jra T(x = y)p(y) dy and because of I'(x — y) = g(|x — y|)
we get

kij — kji
9
= —/ 3—{ F(X_J’)P(Y)dY}P(X)deX
Rd 0X,
9
+/ —{ F(x—y)p(y)dy}p(x)Xidx
R4 axj
=—/ / g’(|x—y|) 'p(y)p(x)xjdydx
Rd JRE |

+/ / g(lx—yl) p(y)p(X)xz dydx.
Rd JRd )’I

/ / g (lx — ’|y’ _y’|y’p<y>p<x>dxdy

Since the integrand is antisymmetric, the integral vanishes
and thus, k;; — kj;; = 0 holds and K is symmetric.

4 Semi-discrete model

The force terms involve integrals that can only be evaluated
approximately in a computer code. This entails choosing ap-
propriate quadrature rules.
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4.1 Semi-discrete finite mass method

In order to compute the motion of the particles, the equa-
tions of motion (12) have to be solved. Therefore, the inte-
grals of the forces have to be evaluated, and this should be
done without disturbing the invariance of the particle model
under translations and rotations. Since these properties are
not conserved, if we use a quadrature formula with nodes
fixed in space, the finite mass method uses a particle depen-
dent quadrature formula for the approximation of the force
integrals.

First, we explain the general approach to this quadrature
formula before applying it to the integrals of internal pres-
sure in (8). To this end, we consider an integral of the form
[ fp. By inserting the mass density (3) and after transfor-
mation to the reference particle, we obtain

N
/ f)p)dx = Zmif fqi + Hiy)y () dy.
Rd -1 Rd

Again, N € N denotes the number of particles. Now, it re-
mains to evaluate these integrals on the support of the refer-
ence particle. To this end, the reference particle is equipped
with quadrature points @, € R¢ inside its support and
weights o, > 0, v = 1,2, ..., n. Note that the shape func-
tion ¥ is used as weight function here and is already in-
corporated into the weights. In terms of individual particles
this means that each particle i has its own quadrature points
Xf) = ¢; + H,a, and weights &i = m;a,. These nodes are
attached to the particle and move with it. Thus, the above
integral can be approximated by the following sum

N n
[ enedr = Ym Y af@ + tha

i=1 v=1

= Yasah = [ ran ey
X R4
i,v
i.e. the discrete integral [ f du can be evaluated by simply
summing over all nodes of all particles.
By means of this quadrature formula we can define the
discrete internal energy (¢ := ¢/p)

N n
E)t = /Rd g(p,s)du = ;mi ;au £(qi + H;ay),

Then, the pressure forces can be derived from the discrete
energy analogously to the procedure in Sect. 2. Note that
the pressure forces are not approximated by applying the
quadrature rule directly to formula (8). Furthermore, by us-
ing this discrete internal energy the conservation properties
of Sect. 2.4 carry over to the discrete situation (see [9, Sect. 3
and 4]).

4.2 Discrete gravitational fields

In the spirit of the previous section we have to introduce a
discrete potential energy. Yet, we also have to worry about a

discrete approximation ¢y of the potential ¢. Both issues are
settled instantly, once we fix a thc (R%)-conforming finite
element trial space Sj, for ¢,. It will be based on a grid G,
of a bounded domain  C R? with supp(p) C . For Q
large enough the error due to this cut-off will be arbitrarily
small.

Using the weak form of the potential Eq. (17) we end up

with: seek ¢ € Sy,

a(gn, pi) = (p, @) forall g € Sy, (25)

with the scalar product

(u,v) :=/ u(x) v(x)dx (26)
Q

and the symmetric bilinear form
a(u,v) = —f Vu(x) - Vo(x)dx.
Q

Assuming problem (25) can be solved, the discrete po-
tential ¢, is represented by the linear combination of (nodal)
basis functions ¢ € S,

m
¢ =y mgr, mi€R, 27)

k=1
where m := dim §j,. We shortly write

bn = (uol, € R™,

where d:h denotes the coefficient vector of the discrete poten-
tial. With this representation of the potential ¢y, the gravita-
tional energy required for the force computation becomes

1 1
=l /R np(0dx = 3 guk(wk, P, 29

However, neither (28) nor (25) is fully discrete, as the
scalar product (26) still involves the exact evaluation of
an integral. This is not possible, because the particle can
have arbitrary position and orientation with respect to the
finite element grid. The application of a quadrature rule is
mandatory. In this case we have two possibilities to choose
the quadrature formula:

— It could depend on the grid used for the approximation
of the gravitational potential. This results in a quadrature
formula which is fixed in space.

— It could depend on the particles like the quadrature rules
introduced in Sect. 4.1.

By means of the discretised scalar product, the discrete po-
tential can be computed, and we obtain a fully discrete rep-
resentation of the gravitational energy. Finally, from this en-
ergy discrete gravitational forces are derived analogously to
Sect. 3.

In the following we show how the gravitational forces
are computed in each case. First, we have a look at the grid
dependent quadrature rule used to approximate the scalar
product (26).
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4.3 The grid based quadrature

From now we fix §j as a space of continuous multilinear
functions on a non-uniform tensor product grid Gj. Such a
grid can be considered as a hierarchy of increasingly finer
tensor product grids which cover smaller and smaller subdo-
mains. These grids may be extremely locally refined in such
a way that the local grid size of abutting cells differs widely.
However, a certain regular grid structure simplifies the al-
gorithms. Thus, the construction we use will maintain local
quasi-uniformity of the grid in the sense that the grid size of
adjacent cells differs at most by the factor %

To obtain a fully discrete representation of the right hand
side of the variational formulation (25) as well as of the grav-
itational energy (28), we define a discrete counterpart of the
scalar product (26). This discrete scalar product depends on
the grid Gj,: we start from a quadrature rule for each ele-
ment € of G, which is characterised by quadrature points
pi € R? (1 <i < n) and related weights wp, € R

/ f@ydx — pr,ﬂp,

i=1
Further, let P be the set of the quadrature points of all el-
ements of Gj. Then, we can define a discrete scalar product
independently of the particles by

(. v)G == ) wpu(p)o(p).
peP

Now, we can discretise the right hand side of the varia-

tional Eq. (25)
a(Pn, vj) = (0, 0))¢ Yo, j=1,2,....m

& Y mkaler, 9j) = (p. e Ve, j=1,2,....m
We obtain the discrete Poisson equation
Ah(gh = /_5
with the symmetric, negative definite stiffness matrix
Ap = (ale), o))}
and the right hand side
6= (P, Pr)G)j—1- (30)

With this notation the discrete potential can now be written
as solution of the discrete potential equation

—1-

and thus, the coefficients u; have the representation

m m
- -1 = _ -1
Mk—ZAh kj Pj _ZAh
Jj=1 Jj=1 kj

In a straightforward fashion, based on the Euclidian
scalar product (., .) in R™, we define the discrete energy

(29)

(0, 9)G- €19

E} = <¢h o) Zuk(p G
k 1
m N
) Z Z @p Zmilﬁi (P)oi(p). (32)
k=1 peP i=1

This shows that definition (32) of the discrete potential
energy is equivalent to replacing the scalar product in Eq.
(28) by the discrete one (29).

By means of the discrete potential energy we can derive
the gravitational forces analogously to the continuous case
in Sect. 3. To compute the gravitational forces the deriva-
tives of the potential energy (32) with respect to the posi-
tions ¢g; and the deformation matrices H; of the particles are
required. Here, we have

13 19 ..
. p) = A5 B
Y (¢h o) = 28q< n PsP)

9 ot _
9q;
Using the symmetry of A,: yields

9 9 “ ]
—Ep°t=<A15, >= 1k — @k, P)G-
dgi " T dg ,; aqi
Inserting

9
5 (P 900G = > wp Zmz—dfz(p)wk(p)

peP =1
=y wpm,-yw,» (P)er(p).
peP qi
we obtain
E"‘” Zuk > wpmi ‘w,-<p)<pk<p).
l

k=1 peP

Analogous computations for the deformation matrices lead

to
zuk (o0 5).
=D Yy wpm; —(P)Wk(P)

k=1 peP

Finally, using (27) the formulas for the discrete gravita-
tional forces are given by

1 0
Fgr__ pOt
; e _aq, Epwp—a (P)on(p),
| L (33)
gr__ pO
M; ___mi _8H § wp_(p)¢lz(p)
peP

4.4 The particle based quadrature

As an alternative to the grid based quadrature formula we
can use a particle based quadrature formula to discretise the
scalar product on the right hand side of the variational for-
mulation (25). Then again, by means of this discrete scalar
product we obtain a fully discrete representation of the po-
tential energy (28) from which the discrete gravitational
forces can be derived. To define the discrete scalar product



56

T. Bubeck et al.

corresponding to (26), we use the quadrature formula (24) of
Sect. 4.1. As one argument will always be the mass density
0, We can set

N n
(p,v)p = Zmi Zauv(q,- + H;a,) = Z&LU(XC)
i=1 v=1 i,V

Then, the variational formulation of the potential equation is
given by

alpn, o) = (p,@)p forgr e Sy, k=1,2,....m
with the discrete right hand side

N n
(o, )P = Zmi Zav(/)k(%' + Hiay)

' = (34

i=1 Av_l
=Y algi (X,
iv

Thus, we get the discrete Poisson equation Ahqgh = p,
with a right hand side arising from the particle based scalar
product 5 := ((p, ¢x) P)j—,- The discrete potential ¢, =

A;lf) can be represented as in (31) now using the particle
based scalar product.

Analogously to the preceding section we can define the
discrete potential energy as

- . 1
E}* = S, p) = 5 ;uk(q)k, pp.

Thus, for the discrete potential energy we obtain a for-
mula depending on the particle quadrature points. Again,
this definition is equivalent to replacing the term of the scalar
product in Eq. (28) by the discrete one (34).

If we assume for the moment that the basis functions
ok are continuosly differentiable, the discrete gravitational
forces acting upon the particles can be derived as before

from the given discrete potential energy E ZOt and are again

0 por _ 10 - "

0
E - el
ag Eh = 53, O h) = ];Mk 5, 0P
Inserting (34) yields
_Epot Zﬂk Zm Zav (Pk(QJ + Hjay)

=m; Zav Zﬂk_(,ok(% + Hiay).

k=1

With analogous computations for the derivatives with re-
spect to H; we obtain the representation

==Y o(Vé)(gi + Hiay),
=Y awl(Von)(gi + Hiay)llav] .

Remark. Unfortunately, the standard multilinear trial func-
tions are not sufficiently smooth to allow for these opera-
tions. However, as shown by the examples below, the method

v=l1

(35)

nevertheless works well, if one formally adopts the expres-
sions above and simply replaces the discontinuous gradient
V¢, with the continuous multilinear interpolant of an aver-
aged V¢y. This technique was used throughout in the nu-
merical experiments that employed particle based quadra-
ture.

4.5 Conservation properties

Deriving the equations of motion from a discrete Lagrangian
involves the conservation of the total discrete energy, as long
as we use a trial space S, that does not vary with time.

Theorem 3 The discrete energy
ERQN 1) =

is conserved.

Ekm(t)—}-E;m(t) +Epot(t)

Proof The usual techniques, cf. the proof of Theorem. 2,
carry over to the discrete setting, see [2, Sect. 3.2.3].

However, employing an Eulerian grid rules out the
invariance of the model with respect to translations and
rotations. Thus, we can no longer expect the conservation
of total (discrete) linear and angular momentum, as it is
guaranteed for the plain finite mass method described in
Sects. 2 and 4.1, respectively.

Remark. In the case of the particle dependent quadrature,
the proved conservation of the energy holds only if the
forces (35) use the true potential gradient V¢y,. If force
computation relies on a smoothed gradient, the conservation
of total discrete energy does not hold anymore. However,
the computational experiments of Sect. 6 show that the
conservation of the total energy seems not to be affected
much by employing a smoothed gradient. This seems to be
a good way to improve the accuracy of the method with
minimal impact on the conservation of the energy.

Remark. The two options for the discretisation of the scalar
product (26) can be combined: it can be advantageous to
use the grid based quadrature to evaluate the right hand side
of the discrete potential equation (cf. formula (30)) and to
apply the particle based quadrature to the computation of the
force integrals (cf. formula (35)), as we will discuss at the
end of Sect. 5. Yet, a strict conservation of energy remains
elusive in this case.

5 Aspects of implementation
5.1 Pressure forces

Forces constitute the right hand side of the large system of
ordinary differential equations describing the evolution of
particles and fields. Their computation is a core algorithmic
issue. Let us recall the strategy for the computation of the
pressure forces [9, 15]: The crucial distinction is between
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particles particles

partlcle quadrature N partlcle quadrature
om s points

Fig. 2 Computation of the discrete force integrals of internal pressure

data associated with particles (like m;, S;, q;, H;, qi/ , and
H/), and data required at the particle quadrature points like

&
P, S, p°

tures.
The computation of the first term of the internal pressure
forces proceeds as schematically shown in Fig. 2:

and 3‘9 . These are kept in independent data struc-

1. Interpolate the required particle data (o, s) at the particle
quadrature points X!

2. Compute 2 s and % required for the forces at the quadra-

ture points X f)
3. Evaluate the discrete force integrals

5.2 Gravitational forces

As the discrete potential ¢, is given as a finite element func-
tion on a grid, the transfer of information between grid and
particles becomes a key issue. In Sect. 4.3 and 4.4 we out-
lined how it can be accomplished using different quadrature
policies. Figure 3 shows a schematic diagram of the force
computation procedure independent of the applied quadra-
ture rule that proceeds as follows:

1. Computation of the right hand side of the discrete po-
tential equation, i.e. the evaluation of the discrete scalar
product (., .)g or (., .)p

2. Computation of the gravitational potential (e.g. by a
multigrid method)

3. Computation of the forces, i.e. evaluation of (33) or (35)

5.2.1 Grid based quadrature

In this case, to approximate the potential, the right hand
side (30) of the discrete Poisson equation has to be com-
puted first by means of the discrete scalar product (29). The
storage of the values of the mass density at the quadrature
points is essential to save computational effort. To this end,
the mass density p has to be interpolated at the quadrature

particles particles
particle quadrature/ particle quadrature/
. f 1 3 . .
grid quadrature points grid quadrature points

‘ grid points -2 grid points

Fig. 3 Computation of the gravitational force

points of the grid. Again, we use the fact, that the mass dis-
tribution functions v; of the particles have compact support.
Hence, for the density value at a quadrature point w we have
to consider only the particles v; fulfilling w € supp (¥;)

2

i, peSUpp(vi)

p(w) = m; i (w).

In order to avoid traversing the particle set for each quadra-
ture point, we evaluate this sum by distributing the density
contributions of the particles to the values at the quadrature
points. Therefore, we have to find all quadrature points con-
tained in a particle. This is done by searching the grid cells
intersecting a particle, i.e. the support of ;. These elements
and, thus, the quadrature points contained in the support of
a particle can be easily determined by using the bounding
box of each particle (i.e. the smallest rectangle with edges
parallel to the axes containing the particle).

For the computation of the right hand side of the poten-
tial equation, i.e. the discrete scalar product, a loop over all
quadrature points is required during which the values at the
quadrature points are distributed to the vector components
(O)k-

After the interpolation of the mass density and the eval-
uation of the discrete scalar product, the potential equa-
tion can be solved, e.g. by a multigrid method. Then, the
gravitational potential is given at the grid points. To com-
pute the forces (cf. Eq. (33)) the potential is required at the
quadrature points where it has to be interpolated. It can also
be useful to store these values because the nodes can be con-
tained in the supports of several particles and thus, they con-
tribute to the forces of each of these particles. As before we
can exploit that ¥; and ¢, have compact support. Hence, the
interpolation of the potential is given by

m

> ue(p),

k=1
PESUpP(¢g)

¢n(w) =

and formula (33) for the force computation reduces to

81” m
Ff=— 3 —’(p) D me(p),
peP k=1
wesupp(y¥;) pesupp(yy)
81# m
ME = — Z wpa—};(p) Z uxek(p).
peP ! k=
wes]upp(w,- pesuprl)((pk)

Hence, also the force computation involves a loop over all
particles.

Farticle based quadrature

If this strategy is used for the computation of the gravi-
tational forces, the particle data are required at the parti-
cle quadrature points. However, this interpolation procedure
is already done for the computation of the pressure forces.
Largely, it is the same as for the grid quadrature points and
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can be done by a loop over all particles. For the computation
of the right hand side (34) basically the weights &1") = m;a,
of the particle quadrature points are required. But they can
be computed once and for all because the particles do not
change their mass, and the weights and the locations of the
quadrature points are fixed with respect to the particle. Then,
the evaluation of (34) consists of a loop over all particle
quadrature points. To this end, the element of the grid con-
taining a particle quadrature point has to be found.

After the approximation of the potential, the gradient of
the potential has to be interpolated at the particle quadrature
points. Since the gradient of the potential is required only
once at each particle quadrature point, its value need not be
stored.

Remark. Thanks to the simple tensor product structure of
the grid, see Sect. 4.3, it takes simple index calculations to
determine the grid cells, in which a point is located.

5.3 Grids and adaptivity

There are many rationales for using a non-uniform and tem-
porally varying grid G, for the computation of the discrete
potential ¢y,:

— the mass distribution may be grossly non-uniform and
display considerable temporal variations.

— the artificial boundary of the computational domain has
to be sufficiently far from suppp to justify the use of
a simple boundary condition (as, e.g., (36) in Sect. 6).
Thus, it may have to be extended, if p changes.

— far off suppp the potential will be very smooth and can
be economically resolved on a rather coarse grid.

— in order to guarantee a prescribed accuracy of the fi-
nite element solution grid adaptation controlled by an
a-posteriori error estimator must be applied [6].

It turns out that the quadrature policy — the grid based
as well as the particle based — has a profound impact on the
grid refinement strategy:

Grid based quadrature: the grid refinement has to guaran-
tee that the support of each particle contains at least a few
grid quadrature points. If this rule is ignored, a particle not
containing any grid quadrature points would not give a con-
tribution to the right hand side of the potential equation and
would not be influenced by the gravitational force. As par-
ticles can shrink significantly, a substantial part of the mass
can become invisible to the potential equation. The need for
the grid to resolve small particles can lead to excessive grid
refinement and can clash with control by an a-posteriori er-
ror estimator.

Particle based quadrature: the refinement of the grid has
to guarantee that particle quadrature points are contained in
each element of the grid intersected by a particle. Otherwise
some grid cells will fail to see any mass density. This will
be mistaken for strong oscillations of the right hand side by
an error estimator and lead it astray. Thus, the grid resolution
has a lower bound given by the particle size. However, this is

not very satisfactory, since for a good approximation of the
potential and particularly, of the gradient of the potential, a
finer grid may be necessary.

Summing up, with both methods a coupling of the grid
refinement with the particle size is necessary. This is not the
case with the asymmetric quadrature policy sketched at the
end of Sect. 4.5, which uses the grid based quadrature for the
evaluation of the right hand side scalar product (cf. Eq. (30))
and the particle based quadrature for the force computation
(cf. Eq. (35)). The advantage of this procedure is that the re-
finement of the grid is largely independent of the particles
and thus, an error estimator can be applied easily. Yet, there
is no theory which ensures the conservation of energy. How-
ever, if the approximation of the respective integrals is good
enough, this may be negligible.

5.4 Computational effort

A crude estimate for the computational effort involved in
the transfer of information between particles and grid can be
obtained by counting the number of accesses to quadrature
points.

Below, let N denote the number of particles, n® the total
number of particle quadrature points, and n{) the number
of particle quadrature points contained in the support of the
ith particle. Analogously, let n¢ denote the total number of
grid quadrature points and an the number of grid quadrature
points contained in the support of the ith particle. With these
notations Table 1 summarises the following consideration.

First, we consider the interpolation of the mass den-
sity at the quadrature points (cf. Table 1, Step 1). For this
interpolation a particle contributes to the density at each
quadrature point it contains. Therefore, using the particle
oriented method, the effort depends on Zf\lzl n IP . Note that
the interpolation at the particle quadrature points is also re-
quired for the computation of the pressure forces and thus,
this means no additional effort. Applying the grid oriented or
asymmetric method, the effort for the interpolation depends
on ZINZI ”;G'

For the computation of the right hand side of the discrete
potential equation, we only have to consider the effort for

Table 1 Dependence on the number of quadrature points of the com-
putational effort

Particle Grid
Method oriented  Asymmetric oriented
1. Interpolation of p YN, nf >V, n¢
2. Right hand side:
quadrature nf n%
restriction Same effort for same grids
3. Multigrid method Same effort for same grids
4. Force computation:
(a) Interpolation of nf n¢
Vi, resp. ¢p
(+ effort for smoothing V¢y)
(b) Forces of the
particles n? >N, n¢
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the evaluation of the quadrature rule on the individual grid
elements. Hence, the costs of the quadrature depend on the
total number of quadrature points, i.e. on n” using the parti-
cle oriented method and 1n® using the grid oriented method
and thus, also using the asymmetric method (cf. Table 1,
Step 2).

Next, for the force computation the potential (grid based
method) or the gradient of the potential (particle based and
asymmetric method) has to be interpolated at the respective
quadrature points (cf. Table 1, Step 4(a)). If these values are
stored, the costs are proportional to n¥ and n”, respectively.
Smoothing of the gradient requires additional work.

Finally, the effort for the evaluation of the forces de-
pends on n” in the case of the particle based and asymmetric
method, since only the quadrature points of the ith particle
contribute to the forces acting on this particle. Therefore,
in this case one need not store the values of the gradient
of the potential at the quadrature points. Conversely, using
the grid based method, a grid quadrature point contributes
to the forces of all particles in which it is contained. For
this reason, the effort for the force computation depends on
ZlN: | niG (cf. Table 1, Step 4(b)). Furthermore, if the values
of the potential are not stored at the quadrature points, the in-
terpolation of the potential has to be carried out many times.

One advantage of the particle oriented method is that the
interpolation of the density is also required for other force
computations and thus, causes no additional effort. More-
over, the evaluation of the gravitational forces acting on the
ith particle only depends on its quadrature points. The same
is true of asymmetric method. However, using these methods
in practice entails smoothing the gradient of the potential,
which means additional costs.

6 Numerical experiments

We study the behaviour of the finite mass mesh method for
a few two-dimensional cases. This can be thought of as a
three-dimensional arrangement with translation invariance
in one coordinate direction. In a sense, we look at the evo-
lution of “gas columns” under self-gravity. For all examples
the equation of state of barytropic ideal gases

() ()
&= — ) exp
Yy —1 \npo Cyp

with po = 1, mp = V771, and y = 1.4 provides the density

of the internal energy which is required e.g. for the com-
putation of the pressure forces. In all examples the pressure
forces, the gravitational forces, the frictional forces, and the
heat production are taken into account. Throughout scaled
equations are considered.

The gravitational potential is computed on a non-
uniform tensor product grid using continuous piecewise bi-
linear finite elements. We remark that in our computations

on the boundary of the cut-off domain 2 (cf. Sect. 4.2) the
Dirichlet boundary conditions

¢(x)=§:m-ilog(|x—q‘|) X €02 (36)
— ] 27T 1 k)

are imposed. This amounts to an approximation of the par-

ticles by point masses. If the boundary of 2 is far enough

away from the boundary of the support of p, this assump-

tion is reasonable.

The discrete potential equation is solved by means of
a hierarchical transformation multigrid method (s. [10]),
which enjoys fast convergence such that its truncation error
is negligible, by and large. If the force terms are evaluated by
the particle based quadrature rule, the potential gradient has
to be smoothed. In all two-dimensional numerical tests this
is achieved by averaging at the grid points and subsequent
bilinear interpolation.

For the particle based quadrature strategy of Sect. 4.1 the
quadrature rule described in [9, Sect. 4] is used. This quadra-
ture formula is exact for fifth order polynomials, and in this
approach a particle owns 25 quadrature points. For the grid
based quadrature, the tensor product of a one-dimensional
three point Gaul} quadrature rule is used. An exponential in-
tegrator is used for timestepping, cf. [9, Sect. 5], [13].

Since the method does not prevent the particles from
large deformations, they can become thin long “needles”
that are not capable of adapting properly to the curvature
of a flow. Of course, as long as integration in time is done
exactly this does not affect stability: since the energy is con-
served and therefore bounded, the particles cannot become
arbitrarily small in a finite time interval. But in the fully dis-
crete setting this could mean a tight threshold on the size of
the time steps.

To overcome these problems we use restarts of the sim-
ulation. If the size of a particle decreases too much, the cur-
rent particle set is discarded and the global physical quan-
tities, like the mass density and the velocity field, are rep-
resented by a new set of particles. This restart method was
presented and analysed in [8], to which we refer for more
details. We point out that more elaborate restarting schemes
are conceivable [16], but they had not yet been implemented
at the time of our numerical experiments. Restarts are re-
lated to the projections used in almost all solution methods
for conservation laws. However, in contrast to these methods
that use such interpolations in every time step, in the finite
mass method the restart is employed more rarely.

For the approximation of the initial data, we proceed as
described in [9, Sect. 6]. As a result, we obtain an initial
particle configuration which is arranged on a regular grid
covering the region occupied by mass.

6.1 Gas column in hydrostatic equilibrium
For this first numerical example we have an analytic solu-

tion (exact scaled radius 3.229). The discretisation by the fi-
nite mass method relies on 1041 particles and the problem is
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Fig. 4 Cross sections of the mass density and the corresponding error (scaled by 100 and plotted in red) of the gas column in equilibrium at

time ¢ (bilinearly interpolated averaged gradient of potential)

solved for the period 0 < ¢ < 101 by an exponential integra-
tor using 10100 time steps. > The potential is approximated
on a non-uniform tensor product grid which is adapted by a
hierarchical a-posteriori error estimator. This is feasible, be-
cause the asymmetric quadrature policy is used, which per-
mits us to decouple the grid resolution from the particle size.

The approximate solution for p is compared with the ex-
act equilibrium density. In Fig. 4, one-dimensional cross sec-
tions along the x-axis of the approximated density and the
error (plotted in red and multiplied by the factor 100) are
depicted. We observe an oscillation of the error which in-
dicates that the approximation oscillates slightly around the
equilibrium state. But the difference of the exact and the ap-
proximated density is rather small.

6.2 Rotating and oscillating gas column

For this example we use the transformed initial mass density
p(r) == ¢ - p(cr), where p(r) denotes the density corre-
sponding to the equilibrium state of the previous example
and ¢ = 0.85. Moreover, the gas column is provided with
the angular velocity w = 0.1. This yields a configuration
of a rotating gas column that is not in equilibrium but os-
cillates around the equilibrium state. Again, for the simula-
tion 717 particles, and 10100 time steps on the time inter-
val [0, 101] are used. First, we show results for the particle
based method. The refinement of the grid is controlled by
the particle size.

The particle configuration in Fig. 7 illustrates alternating
phases of contraction (e.g. t = 0, 4, 6) and expansion (e.g.
t = 8, 12, 14). In Fig. 7 one particle is marked to follow
the motion. One can observe the rotation of the gas column,
its contraction, and expansion. The regular orientation of the
particles is conserved during the motion.

The total angular momentum is shown in Fig. 5. The rel-
ative change of the angular momentum remains in the range
of 2 - 107*. We remark that the oscillations of the angular
momentum seems to be an effect of the change of the grid
that is adapted to the current particle distribution.

3 Unless mentioned otherwise, frictional forces are computed with
R =500, see [9].
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Fig. 5 Total angular momentum of the rotating and oscillating gas col-
umn and its relative change (note that for the actual value of the angular
momentum one has to add the value 1.23625)

energy

Fig. 6 Energy balance in the case of the rotating and oscillating gas
column (particle oriented method)

The energy balance shown in Fig. 6 illustrates the alter-
native transformation of the individual energies correspond-
ing to the oscillation. The total energy is conserved. The os-
cillations are slightly damped which is an effect of the fric-
tion (artificial viscosity).

For comparison, we conduct this simulation also with the
asymmetric method. The simulation basically behaves alike.
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Fig. 7 Particles of the two-dimensional rotating and oscillating gas column at time ¢

The plot of Fig. 8 shows the energy balance in a simula-
tion applying the asymmetric method. The energy balance
seems to be unchanged. Thus, the asymmetric method does
not disturb the conservation of energy. Also the range of the
relative change of the total angular momentum is the same as

before.

6.3 Two-dimensional colliding gas columns

The following numerical examples examine gas columns in
equilibrium attracting each other by gravitation. Eventually,
they collide, merge and oscillate around an equilibrium state.

When the gas columns collide, strong forces due to fric-
tion act on the particles. First of all the particles at the bound-
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ary of the gas columns, which have small masses, deform

strongly. As explained earlier, this enforces restarts trig-
gered by shrinking particles. The criterion for a restart is

.
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Fig. 8 Energy balance in the case of the rotating and oscillating gas
column (asymmetric method)
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Fig. 9 Cross sections of the mass density in the case of two two-dimensional gas columns attracting each other at time ¢

the change of the particle size, particularly the change of the
determinant of the deformation matrices H;. For the simula-
tion, the time interval [0, 101] is considered, and 10100 time
steps and 89 restarts are used (cf. Fig. 10).

The computation starts with 966 particles, and the initial
gas columns are given by the mass density of the example
of Sect. 6.1 and their centres are located on the x-axis 8 dis-
tance units apart. * Again, the asymmetric method is applied
for the computation of the gravitational forces and the grid
refinement is coupled with the particle size.

In Fig. 9 cross sections of the mass density along the x-
axis are shown. The gas columns attract each other by the
gravitational forces (¢ = 1), penetrate each other (r = 5),
merge (+ = 7), and begin to oscillate (# > 9). For illustration
also some two-dimensional plots of the density are presented
in Fig. 12.

4 This time, the friction parameter R is chosen as function depend-
ing on the density (R = 500p), see [9]. This implies that the frictional
forces are smaller at the boundary of the gas columns where they pen-
etrate first and increase with the increasing mass density during the
collision.

The corresponding particle sets are shown in Fig. 11.
One can observe that the particles deform in the area where
the columns begin to penetrate ( = 5, 6, 7). Note that be-
cause of the restarts the particles are not deformed very
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Fig. 10 Restarts of the simulation of two gas columns attracting each
other
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Fig. 11 Particles of two gas columns attracting each other at time ¢ (note that in the diagram at time ¢+ = 15 the scale is changed)

strongly and the number of the particles changes during the
simulation. At the time ¢+ = 100, the orientation of the par-
ticles are similar to the one we have seen in the example of
the gas column in equilibrium. Mainly the particles at the
boundary of the column deform, whereas in the interior the
regular orientation is conserved. This seems to indicate that
the configuration becomes stable.

The details of some grids used for the computation of
the gravitational potential are shown in Fig. 13. During the
collision the grid can contain much more elements than in
the grids presented here, e.g. 21120 squares at the time ¢ =
9. For comparison, the grids for the same experiment, now
controlled by the error estimator are shown in Fig. 14. These
grids are much smaller.

The restart scheme we use conserves the total mass and
the total entropy. Considering the energy balance (s. Fig. 15)
we observe that the total energy shows some oscillations as
well as the potential energy. Since the discrete potential en-
ergy depends on the grid this is not surprising. If the pro-
gram is restarted the grid has to be built anew from the new
particle data. This may change the grid and the grid data
more than the adaptation of the grid in each time step. In
addition, the decrease of the total energy at the time of the
collision can be an effect of the time discretisation. How-
ever, Fig. 15 also shows that the energy is basically con-
served. First, the gravitational energy decreases since the gas
columns are accelerated due to the gravitation. Thus, the ki-
netic energy increases. The internal energy mainly remains
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Fig. 12 Mass density of two gas columns attracting each other at time ¢
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Fig. 13 Grids in the case of two gas columns attracting each other at time ¢ (particle based refinement)
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Fig. 16 Total angular momentum of two attracting two-dimensional
For the next numerical example, we consider two rotating
gas columns attracting each. For the initial configuration we

gas columns (with marked restarts on the time axis)
6.4 Attracting gas columns rotating in the same direction

Figure 16 shows the total angular momentum that is zero
in this example. Despite the restarts the change remains in

constant until the columns penetrate. After the collision, an
the range of 4 - 1073,

Fig. 15 Energy balance in the case of two attracting two-dimensional
oscillation can be observed.

gas columns (with marked restarts on the time axis)
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Fig. 17 Restarts of the simulation of two gas columns rotating in the
same direction and attracting each other

choose two rotating gas columns in equilibrium. They rotate
in the same direction with the same angular velocity v =
0.1. We start with 650 particles and the simulation is con-
ducted for the time interval [0, 101] with a time step size of
5. 1073, Again, the restarts have to be used. > This time,
the gas columns are located on the straight line x = —y,
and thus, the cross sections of the mass density are along
this line. At the beginning, the centres of the columns have
a non-dimensional distance of about 10.

Unless mentioned otherwise, the asymmetric method is
used for the computation of gravitational forces and the re-
finement criterion is given by the particle size.

In this simulation, 111 restarts occur. In Fig. 17 one can
observe that when the gas columns collide (around the time
t = 10) the frequency of the restarts is highest. This typi-
cal behaviour also occurs, if the grid oriented method (110
restarts) or the particle oriented method (109 restarts) are
used.

Considering the particles in Fig. 19 one can observe the
rotation of the individual columns at the time ¢ = 1 and
the deformation of the particles when the columns collide

5 For the frictional forces we use R = 500p as in the preceding
example.

(t =17, 8, 10). Again, we can observe the stages of attrac-
tion, penetration and the oscillation of the eventual single
gas column. Because of the restarts one can hardly see the
rotation of the total configuration after the collision. And in
fact, in this example the angular momentum is by no means
conserved, but the rotation is damped (cf. Fig. 18). The rel-
ative change of the total angular momentum is almost 70
percent of the initial angular momentum.

To investigate the deviation of the angular momentum L
in more detail, we monitor how it changes during a restart.
To this end, we compute

|L (before restart) — L (after restart)|
|L (before restart)|

For comparison, the change of the angular momentum be-
tween two successive restarts

|L(trestart i) - L(tresta.rt i+1)|
|L (trestart i) |

is considered. In Fig. 20 these data are shown. One can ob-
serve that the drift of the total angular momentum is almost
entirely due to the restarts. This holds independently of the
quadrature policy, see [2].

The energy balance (s. Fig. 21) shows the same be-
haviour as in the other example of colliding gas columns. We

kinetic:: energy E

' ' '
. i " " M + ' " M 4 restart
10 20 30 40 50 60 70 80 90 100

Fig. 21 Energy balance (asymmetric method; ticks mark restarts on
the time axis)
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remark that also in the case of the energy the application of
particle oriented, grid oriented or asymmetric method does
not make much of a difference.

7 Conclusion

We coupled the finite mass method with long range gravita-
tional interactions, where the latter are discretised in an Eu-
lerian framework. The scheme can well cope with massless
regions and strongly anisotropic mass distributions, as long
as restarts are used to avoid grossly distorted mass packets.
The interpolations involved in restarts require a closer ex-
amination in order to curb the drift in energy and angular
momentum observed in numerical experiments.
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