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Abstract

Recently, a family of unconventional integrators for ODEs with polynomial vector
fields was proposed, based on the polarization of vector fields. The simplest instance
is the by now famous Kahan discretization for quadratic vector fields. All these inte-
grators seem to possess remarkable conservation properties. In particular, it has been
proved that, when the underlying ODE is Hamiltonian, its polarization discretization
possesses an integral of motion and an invariant volume form. In this note, we pro-
pose a new algebraic approach to derivation of the integrals of motion for polarization
discretizations.

1 Introduction

The by now famous Kahan discretization [5] is a one-step numerical method designed
specially for ODEs in R,

i = f(x), (1)

with all components of the vector field f being polynomials of degree 2. The Kahan
discretization with the stepsize € is the following difference equation:

(‘Tn-i-l - xn)/e = p012f(xna xn+1)’ (2)

Here, for any quadratic form Q(z) on R?, its polarization is the corresponding symmetric
bilinear form,

(Qz1 4 x2) — Q1) — Q(x2)).

N =

POle(iﬂl,iﬂz) =

@©) The author(s). Distributed under a Creative Commons Attribution 4.0 International License


http://arxiv.org/abs/2307.00581v2

2 Jocnmp| Yuri B Suris

For a non-homogeneous polynomial P(x) of degree 2, one extends it to a quadratic form
in homogeneous coordinates, ﬁ(az, 2) = 2?P(z/z), computes the bilinear symmetric form
pol,P and then sets polyP = polyP|, —.,—1. In particular, for a linear form L(z) we
obtain polyL(z1,z2) = (L(x1) + L(x2))/2.

Equation (2)) is linear with respect to x;,41, thus can be solved to give a rational map

Tntl1 = fe($n) (3)

Moreover, due to the symmetry of equation (2)) with respect to z,, <> z,4+1 and € <> —¢,
we have f=! = f_., in particular, f. is a birational map.

Kahan’s discretization is known to inherit integrals and integral invariants much more
frequently than could be anticipated, see [7, [8 I, 2] and a more recent literature. In the
present note, we will address the remarkable result of [I] which states that map f. always
possesses an integral of motion, if f(z) is a quadratic Hamiltonian vector field in the space
of an even dimension d, that is, f(x) = JVH(x), where H is a polynomial of degree 3,
and J € so(d) is a non-degenerate skew-symmetric matrix. Our Theorem [ in Section
gives a novel derivation and an algebraic interpretation of this result.

A wide generalization of the Kahan discretization for polynomial vector fields of higher
degrees was proposed in [3]. The most interesting version of this approach deals with
higher order differential equations, for which the discretization preserves the dimension of
the phase space [4]. Consider a second order differential equation in RY,

&= g(x), (4)

where all components of g(z) are polynomials of degree 3. The polarization discretization
of such an equation with the stepsize € is the following second order difference equation:

(fnn—i—l — 2z, + fEn—l)/Ez = p013g($n—17 LTy xn—l—l)' (5)

Here, the third order polarization pol; for a cubic form C(zx) is the corresponding sym-
metric trilinear form
1
polsC(z1, 29, 73) = 6(0(331 + 29+ 23) — C(21 + 22) — C(21 + 23) — C(12 + 73)
+C($1) + C(l‘Q) + C(l‘3)) .

For a non-homogeneous polynomial P(z) of degree 3, one first extends it to a cubic form
in homogeneous coordinates, P(z, z) = z°P(z/z), computes the trilinear symmetric form
polg P, and then sets pols P = pols P|,, —,—»,—1. For a quadratic form Q(x), we find:

1
polyQ(x1, T2, 73) = 3 (poly@(21, z2) + polyQ(z1, 23) + PolyQ(x2, 3)), (6)
while for a linear form L(x), we find:
1
pols L(z1, x2,x3) = g(L(xl) + L(x3) + L(x3)). (7)

Again, equation (B) is linear with respect to x,1, thus can be solved to give a birational
map

(Tns Tny1) = ge(Tn-1,Tn), (8)
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which enjoys the symmetry with respect to x,—1 <> Tp11.

Let g(x) = KVW (z), where K € Symm(d) is a non-degenerate symmetric matrix,
and W(z) is a polynomial of degree 4. Then equation () is equivalent to a canonical
Hamiltonian system with the Hamilton function H(z,p) = 3(p, Kp) + W(z). Indeed,
equations of motion of the latter read £ = Kp, p = —VW (x). A remarkable result of [4] ]
states that in this case map g. possesses an integral of motion. Our Theorem 2lin Section
[Bl gives a novel derivation and algebraic interpretation of this result.

2 Hamiltonian systems with a cubic integral

Consider a Hamiltonian system
&= JVH, (9)

where H : R? — R is a polynomial of degree 3, and .J € so(d) is a non-degenerate matrix
(so that d is necessarily even). It is well known that H(z) is an integral of motion for (3.
We consider the Kahan discretization for (), see equation (2)).

Theorem 1. Separate H into homogeneous parts of degrees 3, 2, and 1:
H(z) = Hs(x) + Ha(x) + Hi(x). (10)
Then the following quantity is a conserved quantity for the difference equation (2)):
H(zp, tpt1) = %(xn T 1) + polo Ha (2, Zrg1) + 2 polo Hy (T, Zrg1)- (11)
Proof. We are dealing with the following difference equation:
J N @ps1 —2n) /€ = poly VH3(Zp, Tpi1) +polyVHy (2, Tpy1) +poly VH (xh, Tpi1). (12)

Take the scalar product of equation (I2) with x,,_;:

%(xn—la J_lxn+l> - %<xn—17 J_lxn>

= 3polyH3(Tn—1,Tn, Tny1) + PoloHa(n—1, %) + poloHa(2p—1, Tpi1) + Hi(zn-1). (13)
Here we used Euler’s theorem on homogeneous functions and have taken into account that
for a quadratic form Hs there holds polyVHa(zy, nt1) = (VHa(xy,) + VHa(2h41))/2,

and for a linear form H; its gradient V H; is a constant vector. Similarly, take the scalar
product of the downshifted (i.e., n — n — 1) equation (I2]) with x,1:

%<$n+17 J_1$n> - %<xn+17 J_1$n—1>
= 3polsH3(Tpn—1,%n, Tnt1) + poloHo (T, Tpi1) + polyHao(Tn—1, Tnt1) + Hi(zn41). (14)

Subtracting the latter two equations (taking into account the skew-symmetry of J~!) leads
to

%<xn+17 J_lxn> ~1 <xn7 J_lxn—l>

= polyHy(xpn, Tnt1) — poloHo(xp—1,2y) + Hi(p+1) — Hi(zp—1). (15)
This is equivalent to ([I]) being a conserved quantity. |
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Discussion.

1) It is not very common to express conserved quantities of a first order difference
equation in terms of more than one iterate. To avoid misconceptions, we stress that the
statement that H.(zy,zp+1) is a conserved quantity of the difference equation (I2) means
that

He(x, fo(x)) = He(fe(x), f2(x)).

In other words, H(z, f.(z)) is an integral of motion of the map f.. It is in this latter
form that the integral has been found in [I]. Earlier examples of expressions of conserved
quantities of Kahan discretizations in terms of more than one iterate have been found in
[8, [10].

2) If H(x) is homogeneous of degree 3, we get an especially simple conserved quantity
eH (z,) = (xn,J '2,41). This particular result was found previously in [3] as a special
case of a more general statement for discretization by polarization.

3) It is instructive to look at the continuous time counterpart of this result. We derive,
by Euler’s theorem on homogeneous functions:

(x, ') = (x, VH(z)) = 3H3(x) + 2Ho(x) + H ().
As a consequence, the quantity
(z,J7'&) + Hy(x) + 2H, (x)

is an integral of motion (equals 3H(x)). In particular, if H(x) is homogeneous of degree
3, we get a simple expression (x, J~1Z) for the integral of motion.

Example. Take d =2, x = <g>, J = ( 0 1>, so that J~! = (O _01>, and set

-1 0 1
H3(q,p) = a30q® + a21¢*p + a12qp® + apsp®, (16)
Hy(q,p) = a20q* + a11gp + app?, (17)
Hi(q,p) = aioq+ aoip. (18)
Thus, equations of motion (@) read
¢ = a2q®+ 2a12gp + 3apzp? + a11q + 2ao2p + aon, (19)
p = —3asq’ — 2a21qp — a12p® — 2a20q — a1p — aio, (20)

while their Kahan discretization reads

(Gny1 — an)/e = a21GnGnr1 + 012(qnPnr1 + Pugni1) + 3a03PnPrt1

+3011(qn + Gn+1) + a02(Pn + Prt1) + aot, (21)
(Pn+1 —pn)/e = —3a30qnGn+1 — @21 (qnPn+1 + PrGn+1) — Q12PnPnt1

—a20(qn + Gn+1) — $011(Pn + Pns1) — aro- (22)

Conserved quantity (I1l) takes the form

He(Gns Py Gt 1:Pn41) = ~(Pnln41 — GnpPnt1)
+a20qngn+1 + %all(ann+1 + ann—l—l) + ap2pnPn+1
+ao1(Pn + Prnt1) + a10(qn + gnt1)- (23)
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If H(q,p) is homogeneous of degree 3, we get a quite simple conserved quantity eH. =
DPndn+1 — nPn+1- LThe continuous time limit of H, is the expression

pq — qp + Ha(q,p) +2H1(q,p),

which is an integral of motion (equals 3H(q,p)). In particular, if H(q,p) is homogeneous
of degree 3, we get a simple “Wronskian” expression p§ — qp for the integral of motion.

3 Second order Hamiltonian systems with a quartic poten-
tial

Consider a Hamiltonian system
T=—-KVW, (24)

where W : R? — R is a polynomial of degree 4, and K is a symmetric d x d matrix. This
system admits an integral of motion

H(z, i) = %@,K—l@ W (). (25)

The right-hand side of equation (24]) is of degree 3, and we consider the corresponding
discretization by polarization, see ().

Theorem 2. Separate the potential W into homogeneous parts of degrees 4, 3, 2, and 1:
W(z) = Wy(z) + Ws(z) + Wa(x) + Wi(x). (26)
Then the following quantity is a conserved quantity of the difference equation (&):

He(xn—lyxna$n+l) = }2 (<xn—17K_1xn> - 2<$n—17K_133n+1> + <xn7K_133n+1>)
+p013W3($n—17 Tn, xn—l—l) + 2p013W2(33n—17 T, $n+1) + 3p013W1(517n—1, T, xn—l—l)-
(27)

Proof. We are dealing with the following difference equation:

K_l(xn—i-l - 21'71 + xn—l)/€2 - —P013VW4(33n—17 Tn, xn—i—l) - p013VW3(‘7:n—17 Tn, xn—i—l)
—P013VW2(33n—17 Tn, xn—i—l) - P013VW1 (‘Tn—17 Tn,s xn—i—l)-
(28)

Take the scalar product of this equation with x,4o:

(@nto, K 2pi1) — 2(Tngo, K o) + (Tpgo, Kl 2,21)) /€2
= —4dpolyWy(xp_1,%n, Tni1, Tni2)

—polsW3(Zn—1,%n, Tny2) — POlsW3 (21, Znt1, Tna2) — POlsWa(Tn, Tpy1, Tnyo)

2
—3 (polyWa(2n—1, Znt2) + polyWa (T, Tnta) + polaWa (2p41, Tni2))

Wi (7py2). (29)
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Here we used Euler’s theorem on homogeneous functions and have taken into account
formulas (@) for the quadratic form VW3 and (@) for the linear form VW5, and that VW
is a constant vector. Similarly, take the scalar product of the shifted equation (28]) (i.e.,
n—n+1), by x,_1:

(@n—1, K '2pi0) — 2(xn_1, K 'apin) + (Tn_1, K 'ay,)) /€
= —4dpolyWy(xn—1,%n, Tni1, Tni2)

—polsW3(p—1,Tn, Tni1) — POlsW3(zn_1, Tn, Tnt2) — POlsWa(Zp_1, Tni1, Tni2)
—§ (p012W2($n_1, Zn) + poloWao(zp—1, Tpt1) + polosWa(xy—1, xn+2))
Wi (zp—1). (30)
Subtracting ([B0) from (29) leads to:
((mn+2, K Yrn1) — 2@pao, K ay) 4+ 201, K ap 1) — (201, K_lxn>)/e2
= —polyWs(@n, Tnt1, Tnt2) + polsWa(Tn—1, Tn, Tns1)
—§ (polyWa(2n, Tny2) + PoloWa(Zni1, Tnta) — polaWa(2p—1, Tni1) — poloWa(zn—1,2n))
—Wi(znt2) + Wi(zp—1). (31)
This is equivalent to the following expression being a conserved quantity:
(@n-1, K '2p) — 2(p—1, K ' @pi) + (20, K 2ng1)) /€
+polsWs (21, T, Tt1)

2
+3 (polyWa(n—1,2n) + PolyWa(n_1, Znt1) + pPolyWa(Zn, Tnt1))

+Wi(zp-1) + Wi(zpn) + Wi(zpt1)- (32)
But this is the same as (271)). [
Discussion.

1) Of course, in order to consider (27) as a function of (z,—1,zy), one has to substitute
on the right-hand side the rational expression of x,41 through (x,_1,,), which follows

from (28).

2) If W (x) is homogeneous of degree 4, we get an especially simple conserved quantity:
62H€(.’L’n_1, Tn, xn—l—l) = <xn—17 K_lxn> - 2<xn—17 K_lxn+1> + <xn7 K_lxn+1>-

3) It is instructive to look at the continuous time counterpart of this result. The
continuos limit of the expression on the right-hand side of (27)) (performed according to
Tp =T, Tnt] = T L e+ §$ + O(€?)) equals

202, K1d) — (v, K1&) + Wa(x) + 2Wa(z) + 3W1 ().
By virtue of equations of motion (24), this equals

2(#, K1&) + (v, VW (x)) + W3(z) + 2Wa(x) + 3W1(z)
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and, by Euler’s theorem on homogeneous functions, we find:

= 2<:i7, K_li‘> + (4W4(l‘) + 3W3(:E) + QWQ(:E) + Wl(l‘)) + Wg(:l?) + ZWQ(:E) + 3W1(l‘),
= 2(i, K~ i) +4W (),

which is an integral of motion 4H (z, ), see (25]).
Example. We take d =1, K = 1, and set
W(z) = tasz" + fazz® + asa® + a1z (33)
Thus, equations of motion (24)) read
i = —aqx® — azx® — asx — aq, (34)
while their polarization discretization reads

2 1
(Tn1 — 20 +2n_1)/€0 = —Tn 1TpTpy1 — 503(Tn_1Tn + T 1Tni1 + TnTpy1)
1
—502(Tp—1 + Ty + Tpy1) —ar. (35)
The following is a conserved quantity for the map (z,—1, %) — (Zn, Tny1):
1

Hs(xn—ly Ty, xn-{—l) =2 (xn—lxn - 2xn—1xn+l + xnxn—i-l)

1 1

+503T0 1T Tn11 + 502(Tn-1Tn + Tn-1Tn41 + TnTni1) + a1 (Tn-1 + T + Tpt1).  (36)

Upon expressing z,4+1 through (x,_1,x,) by virtue of equation (B3l), this coincides with
the integral found in [4].

4 Conclusion

It is hoped that the algebraic approach to derivation of integrals of motion for the dis-
crete time versions of Hamiltonian systems obtained by polarization will further stimulate
the development of this fascinating area, towards an ultimate understanding of all the
miraculous results discovered up to this day and yet to be discovered.
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