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Abstract. The various methods for regularisation of the gravitational few-body problem, from
the coordinate transformation by the Kustaanheimo-Stiefel method to the more recent methods
of algorithmic regularisation, are reviewed. Numerical comparisons of the performance of the
methods are presented and future research suggested.
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1. Introduction

Close encounters of stars are common in dense stellar systems. Loss of precision was
discovered by in the first attempts to simulate few-body systems (von Hoerner 1960,
1963) using the Newtonian form of equations of motion. This phenomenon is due to the
1/r? singularity in the gravitational force at distance r. In addition to the force value
variation the roundoff error is a significant source of computational difficulties.

Numerical studies became feasible after the publication of the two-body regularization
method by Kustaanheimo & Stiefel (1965). Subsequently this KS-transformation became
popular for treating dominant two-body interactions (e.g. Szebechely & Peters 1967;
Aarseth 1972). Techniques to apply KS in multiparticle systems were developed by many
authors (Aarseth & Zare 1974; Zare 1974; Heggie 1974; Mikkola 1985; Mikkola & Aarseth
1993). A major reference for these methods is the book by Aarseth (2003).

More recently an entirely new way for regularization was discovered in 1999 (Mikkola
& Tanikawa 1999ab, Preto & Tremaine 1999). This, algorithmic regularization, does
not require coordinate transformation but a time transformation, the leapfrog algorithm
and extrapolation to zero step size (Bulirsch & Stoer 1966). Versions of few-body codes
written using algorithmic regularization are more efficient than KS-based versions in case
of very large mass ratios.

2. Events and methods in the history of regularization

e Poincare’s time transformation: More than a century ago Poincare [cited
in Siegel 1956, p.35] introduced a technique to transform the independent variable in a
Hamiltonian system.

Let H(p,q,t) be a Hamiltonian. One takes the time to be a canonical coordinate
(t = qo) by adding the momentum of time py(= —FE) to the Hamiltonian (here F = H=
energy = constant). Defining dt = g(p, q)ds, where g > 0, one gets a new Hamiltonian

I =g(p,q) [H(p,q;q) + pol, (2.1)
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which gives the equations of motion

dat  or

e 2.2

& o Y (2.2)

dg o' dp ar

—=—; —=—-—— 2.3

ds Op’ ds Oq (2:3)
In two-body regularisation one normally uses g = r (where r is the distance). For

multiparticle systems initially the product of distances were proposed, but later it was
found that the inverse of potential U =3, ;mimy; /ri; or the inverse of the Lagrangian
L =T+ U (where T = the kinetic energy) are more appropriate, e.g.

g=1/U or g¢g=1/L. (2.4)

e Levi-Civita (1920) published the regularisation in 2D.
v=Q1 - Q% y=2Q1Qs, or z+iy=(Q:+iQy)’ (2:5)

which gives for the two-body Hamiltonian (with g = r = Q?)
1
F:T(%PQ—M/T—EO)ng’Q—EOQQ—M7 (2.6)
which is the Hamiltonian of a harmonic oscillator.

e Kustaanheimo & Stiefel (1965) published their new regularization method
which uses a transformation from 4D to 3D.
In matrix formulation the KS-transformation of coordinates r and momenta p may be
written

r=QQ; p=QP/(2Q%) (2.7)
Here Q is the KS-matrix (e.g. Stiefel & Scheifele 1972 p. 24)

Q1 —Q2 —Qs Q4

A~ | @ Q —Qi —Qs

o @ e @l 28)
Qs —Q3 Qy —Ch

The time transformation
dt
=R=Q? 2.9
ds (2.9)

gives the new Hamiltonian
1
F:R(H—E):§P2—M—EQ2, (2.10)

where H = 1p? — M/r is the two-body Hamiltonian and E = H(0) is the numerical
value of the energy.

e Aarseth & Zare (1974) published a three-particle regularization method. The
two shortest distances are regularised with the Kustaanheimo-Stiefel method and the
arrangement is appropriately updated when necessary.

Taking the vectors Ry and Ry (see the figure) as new canonical coordinates, the gen-
erating function takes the form

S:W1‘R1+W2'R2:W1‘(I‘171‘3)+W2'(I‘271‘3) (211)
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Figure 1. Regularised vectors in the Aarseth-Zare method.

and the physical momenta are p; = 95/dr; = Wy, py = 95/0r; = W3 and p3 =
85/81’3 = —W1 — WQ.
KS-transformation and the time transformation dt = Ry Rads = Q3Q3 ds, gives the

Hamiltonian
D= QP+ - QIPY + o PTQT QP
813 83 dms
—mymyQ3 — mym3QF — mimeQiQ*, /R — EQTQ3, (2.12)
where g3 = mgms/(my +ms), and E is the total energy. The equations of motion i
Pi-—ja Q—gpi ¢ =00 (213)

are regular with respect to collisions between the body m3 and any one of the two bodies
my and my A switching of the reference body is carried out whenever the singular distance
R becomes the smallest. In case of external perturbations the three-body energy E is no
longer a constant, but must be obtained by integration.

e Heggie (1974) Discovered a global N-body regularization using KS-transfor-
mations. In this method each interparticle vector is a (formally) independent variable.
The Hamiltonian is H = Y~ | ;Lw? — SV ZjV:iH 2 Heggie (1974) uses r;; =

i=12m; Tij
r; —r; as new dependent variables. The generating function

S = Wij . (I‘j — I'Z'), (2.14)

defines the new momenta w;;. A proof for the correctness of such an increase of degrees
of freedom is also given in Heggie’s (1974) article.
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Figure 2. In the global regularization of Heggie, all the relative vectors are formally
independent and regularised using KS.

After the introduction of the above transformation the old momenta are
N i—1
W; = Z Wij — ZWJZ (215)
j=i+1 j=1

Substituting these and applying the KS transformation to each conjugate pair (w;;, r;;).
one obtains the globally regular Hamiltonian

N-1

T = g(r)[H(wij;,ri;) — E] [] (2.16)
i=1

=9(Q) H(QQZ;” 7QijQz’j) -F|. (2.17)

e Mikkola (1985) wrote a concise algorithm for N body integration using Heggie’s
global method. This was possible by using

g=1/L, (2.18)
instead of the originally (and customarily) used g =[] ;.

e Mikkola & Aarseth (1990), (1993) developed what is known as the chain
method.
Suppose a chain of vectors connecting N bodies has been selected. After re-labelling the
bodies such that they are 1, 2, .., N along the chain, the generating function

N-1
S = Z Wi - (Qrs1 — qr) (2.19)

i=1

can be used to obtain the old momenta py = 95/9q; in terms of the new ones. In general,
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Figure 3. In the CHAIN method the chain vectors are regularised using KS. The chain also
helps preventing serious roundoff errors.

P: = Wi_1 — Wy, k=2,..,N —1, but the first and last take the form p; = —Wjq,
Py = W, _1. By definition the corresponding chain vectors are given by Ry = qr11 —qs-
In the centre-of-mass system the Hamiltonian becomes

— 1 1 S| = e m;m;
S N _W,._, W.— kTR T 9.90
Z 2 my, mkH ];m ot TR l; Ry, R (220)
— = = 1<i<j—2

where the non-chained distances are given by R;; = |r;—1;| = |a;—ai| = | Dic)r ;1 Rl
Later different parts of this Hamiltonian, the kinetic energy, the chained and non-chained
parts of the force function, respectively, will be denoted by T, U. and U,..

Substitution of the KS-transformations Ry = Q. Qr, W; = QkPk/(QQz) gives the
Hamiltonian in terms of the regularising variables Qy, P;. With the time transformation
dt = gds, with ¢ = 1/(T' 4+ U), one obtains the regularised Hamiltonian I' = g(H — F) =
(T—-U—-E)/(T+VU) in the (P, Q, s)-system. The derivation of the equations of motion
P, = —-0r'/oQ;, Q' = OI'/OP;., where primes denote differentiation with respect to
s, is now possible remembering that 85/8(;2 = QQtF, where F = 3[7/3R.

« Algorithmic Regularisation (AR).
(Mikkola & Tanikawa 1999ab, Preto & Tremaine 1999)
Case of two bodies: The Hamiltonian in extended phase space may be written

H=T+b-U=p*/2+b—m/r, (2.21)

where p is the momentum vector, r the distance and the momentum of time
b= m/r — p?/2 = constant.
Instead of H one may use a new Hamiltonian (easy to prove)

A =1In(T +b) — In(U), (2.22)
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Figure 4. Logarithmic leapfrog trajectory for a two-body problem. The points outside the
correct ellipse are the r points that are not to be considered physical coordinates, but only

auxiliary quantities.

which gives equations of motion for coordinates ¢ and r
¢ =1/(p?/24b); 1/ =p/(p2/2+1) (2.23)
end for momenta b and p
V=0, p=-r/r. (2.24)

One notices that a leapfrog algorithm is possible:

Sto = +h/(P5/2+1b); tL = to + bt (2.25)
r. =1+ dtoPpo (2.26)
P1 =Po — hl}/@ (2.27)
Sty = th/(P1/24b); =ty + 6t (2.28)
rp=ry+ ot1p1. (2.29)

A remarkable fact is that this simple, supposedly second order, algorithm gives a correct

trajectory for the two-body motion. The only error is a phase error i.e. the time increment
has a remainder of O(h?®). The important fact is that even an exact collision orbit can
be done by this algorithm. Consequently the logarithmic Hamiltonian leapfrog can
be used for regularization without coordinate transformations.

e N-Body formulation(s)
Logarithmic Hamiltonian:
Let T and U be the kinetic and potential energies

N
T = %vz; U= Z mim; /rij + R(r,t) (2.30)

k=1 i<j<N
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such that the total energy is £ =T — U and use B = —F for the binding energy.
The logarithmic Hamiltonian is

A=In(T + B) —In(U) (2.31)

and the equations of motion
t'=0A/0B; r) = 0MN/Opy (2.32)
B’ =0A/0t; p), = ON/ory, (2.33)

allow the formation of the leapfrog algorithm. Define two subroutines: X(s) for moving
coordinates over a step =s

X(s): 0t=s/(T+ B); ry —>r;+0dtvy, t—t+3t (2.34)
and routine V(s) for velocity jumps
V(s): or=s/U; vy — v +0670U/0r;; B — B+ 010U/0t (2.35)
The leapfrog algorithm for n steps can then be symbolised as
X(h/2) (V(R)X(h)" ™" V(h)X(h/2). (2.36)

This leads in principle to an algorithmically regularised method, results of which could
be improved to high precision using the extrapolation method (Bulirsch & Stoer 1966.)
Here the main problem that remains is roundoff. The cure for this is the use of the chain.

e Time Transformed Leapfrog (TTL):
Recently Mikkola & Aarseth (2002) suggested an alternative to the logH method. Here
one introduces a new variable w and a function Q(r) such that w(0) = Q(0) and the
values of w are obtained via the differential equation w = Q(r) = 9Q/dr - v. This allows
one to write the coordinate equations in the form

t'=1/w (2.37)
r=v/w (2.38)
and the velocity equations
oU
r_
V= /Q(r) (2.39)
o0
r_— 27
W= v/ (2.40)

This formulation also allows a leapfrog construction and if Q ~ 1/7,,;, when rp,;, — 0,
then the algorithm is asymptotically the same as the logH leapfrog. This fact makes it
possible to regularise the close approaches of small bodies which do not affect considerably
the value of the potential.

e Algorithmic Regularization Chain
One forms a chain of particles such that the shortest relative vectors are in the chain
(Mikkola & Aarseth 1993). It is necessary to stress that the main purpose of using the
chain structure in this method is to reduce the effect of roundoff error. In this the chain
is effective.

Let us collect the chain coordinates

Xk =T —r (241)

k
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in the vector

X =(X1,Xs,. ,Xy_1)
and let the corresponding velocities be

V=(V,Vy,. ,Vy_1).

Then the Newtonian equations of motion may be formally written

X=V (2.42)
V =A(X)+f, (2.43)
where A is the N-body acceleration and f is some external acceleration (e.g.due to other
bodies).
One may use the two equivalent time transformations (Mikkola & Merritt 2006).
ds = [o(T + B) + Bw + v|dt = [aU + BQ + ~]dt, (2.44)
where s is a new independent variable, B is the binding energy B = —F, «, 3 and ~y are

adjustable constants,{) is an optional function of the coordinates 2 = Q(X). The initial
value w(0) = 2(0) and the differential equation

00
=X
determines the value of w (actually w(t) = Q(¢) along the exact solution).

It is possible to divide the equations of motion into two categories (when derivatives with

respect to the new independent variable s are denoted by a prime).
Coordinate equations:

@ Vv, (2.45)

t'=1/(a(T + B) + fw +7) (2.46)
X' =tV (2.47)
Velocity equations:
t'=1/(aU + B+ 7) (2.48)
V' =1 (A+f) (2.49)
-, 00

1 YEe
w =t X Vv (2.50)

-, T

Iy T .

B =—t 7V f (2.51)

In these equations the right hand sides do not depend on the variables at the left hand
side. Consequently it is possible to construct a regular leapfrog algorithm for obtaining
the solutions (Mikkola & Tanikawa 1999ab, Mikkola & Aarseth 2003, Preto & Tremaine
1999).

The time transformation thus introduced regularises the two-body collisions if one uses
the simple leapfrog algorithm as a basic integrator (results of which can, and must, be
improved using an extrapolation method (e.g. Bulirsch & Stoer 1966). [This is why the
method is called Algorithmic Regularization.]

For the case of velocity dependent perturbation f = f(X,V), which occurs e.g if
one introduces relativistic Post-Newtonian terms, related algorithms were discussed by
(Mikkola & Merritt 2006).

In the presence of external perturbations the binding energy evolves according to

oT

B=—-—"—.f 2.52
IV (2.52)
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The leapfrog for the chain vectors X and V can be written as the two mappings

X(s):
5t = s/(a(T + B) + Bw +7) (2.53)
t=t+6t (2.54)
X — X + 6tV (2.55)
(2.56)

V(s):
5t = s/(alU + B+ 1) (2.57)
V — V +5t(A +f) (2.58)
B—>B+5~t<g€>-f (2.59)

= 00

w—w+ 5ta—X -(V), (2.60)

where (2%) and (V) are the averages over the advancement of V.

The leapfrog with the above maps reads
X(h/2) (V(R)X(R))" ™" V()X (h/2), (2.61)

for a macro-step of length = nh.

e Alternatives for the time-transformation

If one takes
Q:ZQij/rij and Qj = m;mj, (262)
i<j

then « = 0, § = 1, v = 0 is mathematically equivalent to « = 1, 3 = v = 0 as
was shown in Mikkola & Aarseth (2002). However, numerically these are not equivalent,
but the logH alternative is much more stable. On the other hand, as noted above, it is
desirable to get step size shortening (and thus regularization) also for encounters of small
bodies and thus some function €2 should be used.

The increase the numerical stability for strong interactions of big bodies and also
smooth the encounters of small bodies one may use « =1, g # 0 and

Q, = {z Cr; if m; xmy < eCy, , (2.63)

=0; otherwise

where C, = >, _;mym;/(N(N —1)/2) is the mean mass product and € an adjustable
parameter (usually € ~ 10~% or smaller, may be recommended).

3. Numerical Experiments

Here we discuss only results from a 7-body system with masses m; = 1,my =.1 and 5
masses of my = .001 k£ =3,..,7. Experiments were made with a KS-CHAIN and an AR-
CHAIN code. Integrations were carried out with and without relativistic perturbations
and output was done with and without requiring exact output time (slower, because of
iteration to exact time). It was also checked that the solutions obtained were similar.
In all cases the accuracies were comparable (|0E/L| < 107!2), but invariably the AR-
CHAIN was faster by a factor of few. This does not necessarily mean that this is always
the case, but seems to be typical for large mass ratios.
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4. Discussion and Conclusion

The various alternatives to write regular N-Body algorithms (the KS and AR) were
briefly reviewed. Numerical experiments have shown that the new AR method is often
efficient even when the mass ratios are large (in this case the KS based algorithms are
more difficult to use).

There is still a problem, related to the TTL (and AR-CHAIN) algorithm: the auxil-
iary quantity w is obtained by summation of increments wyey, = woig + 0w, where the
increments dw can be large and of varying sign. There is often considerable cancellation
and loss of significant figures. This is one of the most important remaining problems in
the AR-algorithm and needs to be investigated in future research.
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