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Abstract

We investigate homogeneous third-order Hamiltonian operators of
differential-geometric type. Based on the correspondence with quadratic
line complexes, a complete list of such operators with n < 3 compo-
nents is obtained.

MSC: 37K05, 37K10, 37K20, 37K25.

Keywords: Hamiltonian Operator, Jacobi Identity, Projective Group,



Quadratic Complex, Monge Metric, Reciprocal Transformation, Dar-
boux Theorem.



Dedicated to the memory of Professor Yavuz Nutku (1943-2010)

Contents
1 Introduction 3
2 Examples 5
3 Summary of main results 8
4 Monge metrics and quadratic line complexes 10
5 Projective invariance and reciprocal transformations 12
6 Classification results 15
6.1 Ome-component case . . . . . . . . . .. 15
6.2 Two-component case . . . . . . . . . . . ... 15
6.3 Three-component case . . . . . . . . .. .. ... ... 17
7 Concluding remarks 23

1 Introduction

First-order homogeneous Hamiltonian operators were introduced in [7] in the
study of one-dimensional systems of hydrodynamic type'. It was demon-
strated that these operators are parametrized by flat pseudo-Riemannian
metrics. Higher-order operators were subsequently defined in [8]. The struc-
ture of homogeneous second-order Hamiltonian operators was investigated
in [24, 6], see also [22, 15].

In this paper we address the problem of classification of homogeneous
third-order Hamiltonian operators of differential-geometric type [26, 6, 25,
22, 4],

P =g"D3+ szug]ﬁD2 + (cgulx"’x + c?mu’;iu?)D
k

ij k iJ m i k. m_ n
+dug, + dp ugun +dp ugunuy. (1)

Here u!, i = 1, ..., n, are the dependent (field) variables, and the coef-
ficients ¢¥,...,d;’ ~ depend on u' only; D stands for the total derivative

kmn
with respect to x. Homogeneity is understood as follows: the independent

Lthey are also known as differential-geometric, or Dubrovin-Novikov brackets



variable x has order —1, the dependent variables u’ have order 0, so that
the order of u’, and D is 1, etc. The operator P is Hamiltonian if and only
if it is formally skew-adjoint, P* = — P, and its Schouten bracket vanishes,
[P, P] = 0. Equivalently, the corresponding Poisson bracket,

0Fy . 0F

Fi, Py} = — pi—=<
{F1, P>} /5u1 5uﬂdx’

must be skew-symmetric, and satisfy the Jacobi identity. We restrict our
considerations to the non-degenerate case, det g # 0. Operators (1) are
form-invariant under point transformations of the dependent variables, u =
u(u). Under point transformations, the coefficients of (1) transform as
differential-geometric objects. For instance, g/ transforms as a (2, 0)-tensor,
so that its inverse g;; defines a pseudo-Riemannian metric (that is not flat in
general), the expressions —%gjs Zi, —% gjsczi, —gjsdzi transform as Christof-
fel symbols of affine connections, etc. It was conjectured in [23] that the last
connection, I‘;k = —gjsdzi, must be symmetric and flat; this was confirmed
in [20], see also [6]. Therefore, there exists a coordinate system (flat coordi-
nates) such that I‘;k vanish. These coordinates are determined up to affine
transformations. We will keep for them the same notation u’, note that
u' are nothing but the densities of Casimirs of the corresponding Hamilto-
nian operator (1). In the flat coordinates the last three terms in (1) vanish,
leading to the simplified expression [22],

P=D (gijD + cﬁ'ju’;) D. 2)

This operator is Hamiltonian if and only if the coefficients g%/ and cfg satisfy
the following relations:

ngg = cij + Cii, (3a)

cdg* =~y (3b)

g +cllgt + cilg =0, (3¢)

™ = el — el — g, )

Here (3a) is equivalent to P* = —P, while (3b)-(3d) are equivalent to
[P, P] = 0. These conditions are invariant under affine transformations of

the flat coordinates. It is useful to rewrite the above system in low indices.



Introducing ¢;ji = giqgjpCh. one obtains [25]:

Imn.k = —Cmnk — Cnmk, (4a)
Connk = —Crmkns (4b)
Comnk + Crnkm + Chmn = 0, (4c)
Crnk,g = =97 CpmiCqnk- (4d)

Our main observation is that the metric g satisfying equations (4) must be
the Monge metric of a quadratic line complex. Since complexes of lines
belong to projective geometry, equations (4) should be invariant under the
full projective (rather than affine) group. We demonstrate that this is indeed
the case. Based on the projective classification of quadratic line complexes
in P? into eleven Segre types [16], we give a complete list of three-component
Hamiltonian operators.

The structure of the paper is as follows. After discussing known ex-
amples of third-order homogeneous Hamiltonian operators in Section 2, we
sumarize our main results in Section 3. In Section 4 we establish a link
between homogeneous third-order Hamiltonian operators and Monge met-
rics/quadratic line complexes. This indicates that the theory is essentially
projectively-invariant (Section 5), and leads to the classification results pre-
sented in Section 6.

All computations were performed with the software package CDIFF [30]
of the REDUCE computer algebra system [27].

2 Examples

To the best of our knowledge, all interesting examples of integrable systems
possessing Hamiltonian structures of the form (1) come from the theory of
Witten—Dijkgraaf-Verlinde—Verlinde (WDVV) equations of 2D topological
field theory. These are integrable PDEs of Monge—-Ampere type that acquire
a Hamiltonian formulation upon transformation into hydrodynamic form
[12].

Example 1. [22] The hyperbolic Monge-Ampére equation, Uiz, — u2, =
—1, can be reduced to hydrodynamic form

-1
a; = by, bt=<ba > )




via the change of variables a = Ugy;, b = ugyt. It possesses the Hamiltonian

formulation
a\ _p dH/éa
b t_ 0H/ob) "’

with the homogeneous third-order Hamiltonian operator

1
0 D—

P=D a D
1 9
Ip *pypt
a a? a?

and the nonlocal Hamiltonian,

H= —/ <;a(D_lb)2 + D_2a> dz.

Note that §H/6a = —L(D~'b)? — £ §H/5b = D~'(aD~b).

Example 2. [11] The simplest nontrivial case of the WDV'V equations is
the third-order Monge-Ampére equation, fu: = fxzmt — fozwfore [9]. This
PDE can be transformed into hydrodynamic form,

2
at = bCL’J bt = Cz, Ct = (b - ac)$7

via the change of variables a = frpe, b = frzt, ¢ = forr. This system
possesses the Hamiltonian formulation

a 0H/éa
b| =P |dH/ |,
dH/dc

t

with the homogeneous third-order Hamiltonian operator

0 0 D
P=D 0 D —Da D,
D —aD Db+bD +aDa

and the nonlocal Hamiltonian,

H= —/ (;a (D~'b)* + leDl(;) dz.



Example 3. Further examples are provided in [17, 18]. One of them is the
equation frp. = ffmj — [t frax which is obtained from the WDV'V equation of
Ezxample 2 by simply interchanging t and x. Remarkably, the corresponding
Hamiltonian formulation is rather different. The change of variables a =
fraezs b= foat, ¢ = futr brings the equation into hydrodynamic form,

2 _
a; = by, b= cg, Ct=<cba>-

This system possesses the Hamiltonian formulation

a 0H/éa
b| =P |déH/ |,
dH/éc

t

with the homogeneous third-order Hamiltonian operator

—D 0 0
1
P=D 0 0 D5 D,
1 c c
0 D —=D+D
bt TR

and the nonlocal Hamiltonian,
H= / (eD™'D e+ D 'aD™'b) da.

Note that this operator is a direct sum of the one-component operator —D?
(in the variable a), and the two-component operator from Example 1 (in
variables b,c). On the contrary, the operator from Example 2 is not re-

ducible.

Two more WDVV-type equations were considered in [17, 18], namely
et + fret fean — frtafrae + frotfron — Firt + FroaJute — fope = 0, and the corre-
sponding equation obtained by exchanging ¢ and x. Both equations admit
homogeneous third-order Hamiltonian structures which are equivalent to
the one from Example 3. Operators from Examples 1-3 will feature in the
classification results below.



3 Summary of main results

Our first observation (Proposition 1 of Section 4) is that equations (4) can
be rewritten in terms of the metric g alone, implying the linear subsystem

Imk,n + 9kn,m + Imn,k = 07 (5)

along with a more complicated set of nonlinear constraints,

Imlkn)l = _%gpqu[l,m]gq[k,n]a (6)

where square brackets denote antisymmetrisation. Any solution to these
equations specifies a third-order Hamiltonian operator of the form (2) by
setting cpgm = %gn[m,k]‘ o

Our second remark is that the generic metric g = g;;du'du’ satisfying
the linear subsystem (5) is an arbitrary quadratic expression in du’ and
wdub — uFdu? | explicitly,

gijdutdw! = a;;duidul + bijpdu’(u? du® — uFdul)+ (1)
cijr(uidu! — vl dut)(uFdul — ulduk),

where a;;, b;jk, cijr are arbitrary constants.

Since the flat coordinates are defined up to affine transformations, the
system (5)-(6) is invariant under point transformations of the form
ﬂz:lz(u)7 g=9,
where [’ are arbitrary linear forms in the flat coordinates u = (ul, ..., u"),
and g = ¢ indicates that g transforms as a metric. What is less obvious
is that the system (5)-(6) is invariant under the bigger group of projective
transformations, '

i U(w) g

T w7 )y

where [ is yet another linear form in the flat coordinates. It will be demon-
strated in Section 5 that projective transformations correspond to reciprocal
transformations of the Hamiltonian operator (2). Note that the ansatz (7)
is invariant under projective transformations indicated above. One can thus
formulate two natural classification problems: affine and projective classifi-
cations.

Metrics of the form (7) typically arise as Monge metrics of quadratic
line complexes. Recall that a quadratic line complex is a (2n — 3)-parameter
family of lines in the projective space P" specified by a single quadratic




equation in the Pliicker coordinates. Fixing a point p € P" and taking all
lines of the complex that pass though p we obtain a quadratic cone with
vertex at p. This field of cones supplies P"* with a conformal structure
(Monge metric) whose general form is given by (7), see Section 4 for more
details. The key invariant of a quadratic line complex is its singular variety
(which is a hypersurface in P" of degree 2n—2, see [5], Prop. 10.3.2), defined
by the equation
det g;; = 0.

For n = 2 the singular variety is a conic in P?, for n = 3 it is the Kummer
quartic in P3, etc.

Taking a generic Monge metric (7), bringing it to a suitable normal form
via affine/projective transformations, and verifying the remaining nonlinear
constraints (6) one can obtain a classification of third-order Hamiltonian
operators. Due to the complexity of nonlinear constraints, we only managed
to complete this programme in two- and three-component cases (Section 6),
note that any one-component operator is equivalent to D3. We observe
that the singular varieties of Monge metrics corresponding to homogeneous
third-order Hamiltonian operators degenerate into double hypersurfaces of
degree n — 1. Our classification results are summarised below (in the two-
component case we give both affine and projective classifications, in the
three-component situation the affine classification contains too many special
cases and moduli, and is omitted):

Two-component case (Theorem 1 of Section 6). Modulo (complex) affine
transformations, the metric of any two-component homogeneous third-order
Hamiltonian operator can be reduced to one of the three canonical forms:

212 1,2 2 1
(1) _ (u)*+1 —u'u @ _ —2u® u 3) _ 10
g < —utu? (ul)? - ul 0o )9 01)°

The metric g® corresponds to the third-order Hamiltonian operator from
Example 1 of Section 2. One can verify that the metric ¢ is flat, while g(*)
is not flat. The singular varieties of the first two metrics are double lines:
(u')? = 0. Applying a projective transformation that sends this line to the
line at infinity, one can reduce the first two cases to constant coefficients.
This leads to our second result (Theorem 2):
Modulo projective transformations, any two-component homogeneous third-

order Hamiltonian operator can be reduced to constant form.

Three-component case (Theorem 3 of Section 6). Modulo (complex)
projective transformations, the metric of any three-component homogeneous



third-order Hamiltonian operator can be reduced to one of the siz canonical
forms:

(w*)?+ec —utu® —u? 20>
g(l) = | —v'v®—u® (W)’ +c@w?)? —cuud —u' |,

20 —cutu® —ut c(u?)? +1
WH?+1 —ur® —u® 207 (W) +1 —u'u® 0
g(2) — | —utu2 = (u1)2 —ul ’ g(3) _ _ulu? (u1)2 0],
2u? —u' 1 0 0 1

—2u? Wl 0 —2u? b 1 1 0 0
9(4) — ul 0o 0], g(5) = wt 1 0], g(G) =10 1 0].
0 0 1 1 0 0 0 0 1

The corresponding singular varieties, det g = 0, are as follows (see Theorem
3 for explicit formulae):

e ¢, ¢®: double quadric;
e ¢ ¢@W: two double planes, one of them at infinity;
e 9 ¢(®: quadruple plane at infinity.

Third-order Hamiltonian operators corresponding to the metrics ¢(3) and
g™ are direct sums of the two-component operators from Theorem 1, and
the one-component operator D? (we emphasize that these direct sums can’t
be transformed to constant form, even by projective transformations). As
the correspondence between Monge metrics and Hamiltonian operators (2)
respects direct sums, two-component operators are expected to appear in
the three-component classification. The metrics ¢®) and ¢ correspond
to Hamiltonian operators discussed in Examples 2, 3 of Section 2. The
metrics ¢V and ¢ give rise to third-order operators which are apparently
new. Direct calculations demonstrate that the metrics g4, (), ¢(® are flat,
while g™, @), ¢ are not flat (not even conformally flat: they have non-
vanishing Cotton tensor).

4 Monge metrics and quadratic line complexes

Our first observation is that system (4) can be rewritten in terms of the
metric g alone:
Proposition 1. The system (4) implies
1 1
Cnkm = g(gnm,k - gnk,m) = ggn[m,k]v

10



and the elimination of ¢ results in (5), (6):

Imk,.n + 9kn,m + Imn,k = 07

L b
Imkm]l = _gg 9p[i,m)Yq[k,n]>
here square brackets denote antisymmetrisation.

Proof. Taking into account that ¢ is skew-symmetric in the last two indices,
the relation (4a) implies

Cmnk = Cnkm — 9mn,ky  Ckmn = Cnkm + 9kn,m-
Substituting this into (4c) we obtain the explicit formula for c,

1 1
Cnkm = 7(gnm,k - gnk,m) = ggn[m,k}'

3
With this expression for ¢, the relations (4a)-(4c) reduce to the linear system
(5) for g:
gmk,n + gkn,m + gmn7k — 0

Finally, (4d) gives the nonlinear constraint (6). O

Note that the linear system (5) can be solved explicitly: any such metric
g= gijduiduj is an arbitrary quadratic expression of the form (7) in du’ and
wduF — uFdu:

gijdutdu! = a;;du’du’ + bijkdui(ujduk — uFdu? )+
cijrr(utdu! — vl dut)(uFdul — uldu®),

here the coefficients a;j, b;ji, cijr are arbitrary constants (without any loss
of generality one can impose additional symmetries such as a;; = a;j;, bijr =
—bikj, Cijkl = —Cjikl = —Cijik , etc). The above formula follows from the anal-
ogous result for Killing bivectors in pseudo-Euclidean spaces: any Killing
bivector is a quadratic expression in Killing vectors. Formula (7) implies
that the coefficients g;; are at most quadratic in the flat coordinates u?, the
fact observed previously in [26, (].

Metrics of the form (7) appear in the theory of quadratic complexes of
lines in the projective space P™. Let us recall the main construction. Con-
sider two points in P" with homogeneous coordinates u’,v*, i = 1,...,n+ 1.
The Pliicker coordinates p* of the line through these points are defined
as p¥ = u'v) — wlv'. They satisfy a system of quadratic relations of the
form pYp* 4+ pFipit 4 pikpit = 0, that specify a projective embedding of

11



the Grassmannian of lines (Pliicker embedding). For n = 3 we have a sin-
gle quadratic relation p'2p3* + p31p?* + p'4p?3 = 0, known as the Pliicker
quadric. A quadratic line complex is defined by an additional homogeneous
quadratic equation in the Pliicker coordinates,

Q(p7) =0.

This specifies a (2n — 3)-parameter family of lines in P". Fixing a point
p € P and taking all lines of the complex that pass though p we obtain a
quadratic cone with vertex at p. This family of cones supplies P" with a
conformal structure (Monge metric) whose explicit form can be obtained as
follows. Let us set v* = u’ + du’. Then the Pliicker coordinates take the
form p¥ = w'du/ — u/du’. In the affine chart "™ =1, du™t! = 0, part of
the Pliicker coordinates simplify to p i — dyt and the equation of the
complex takes the so-called Monge form:

Q(du’, v/ du® — uFdu’) = 0,

here i,j,k = 1,...,n. This is nothing but the general metric (7). What ren-
ders the classification of three-component homogeneous third-order Hamil-
tonian operators possible, is the existing classification of quadratic line com-
plexes in P3 [16].

5 Projective invariance and reciprocal transforma-
tions

As the flat coordinates u’ are defined up to affine transformations, the system
(5)-(6) is invariant under transformations of the form
~i

U :li(u)7 9=,

where [* are linear forms in the flat coordinates u = (u!,...,u"), and § =g

indicates that ¢ transforms as a metric (with low indices). On the other

hand, the relation to quadratic line complexes indicates that our problem

is projectively-invariant. Indeed, the system (5)-(6) is invariant under the

group of projective transformations of the form

fw) g

u = , = , 8
) 7 ) .

where [ is yet another linear form in the flat coordinates. Note that the

Monge form (7) is also invariant under projective transformations (8).

12



It turns out that projective transformations (8) correspond to reciprocal
transformations of the corresponding Hamiltonian operator (2). We recall
that a reciprocal transformation is a nonlocal change of the independent
variable x defined as

dz = A(u)dz, (9)

where A(u) is a function of field variables. Reciprocal transformations of
Hamiltonian operators of hydrodynamic type were investigated previously
in [10, 14, 1]. In general, transformed operators become nonlocal. It is re-
markable that in the special case when A(u) is linear in the flat coordinates,
reciprocal transformations preserve the locality of third-order operators (2).

Proposition 2. The class of homogeneous third-order Hamiltonian opera-
tors (2) is invariant under reciprocal transformations of the form (9), where
A(n) is linear in the flat coordinates u'. Reciprocal transformations induce
projective transformations (8) of the corresponding Monge metrics.

Proof. Let us set A = c;u’ + ¢p. In the new independent variable Z, the
Casimir functionals, f u'dz, take the form f %df. Thus, the transformed
Casimir densities are @' = %, which is a particular case of (8). The general
case of (8) is obtained by combining the above transformation with arbitrary
affine changes of u'.

The second formula (8) results from the following calculation. Consider
two functionals, F' = [ f(u)dz and H = [ h(u)dz (for simplicity we restrict
to functionals of hydrodynamic type). Their Poisson bracket equals

{F,H}:/fiPijhjdx:/fl-D(gijD—kaju’;)Dhjdx.

Using [ fdz = ffdfv, [ hdzx = fﬁd;ﬁNWhere [ = Af, h = Ah, and making
the substitutions dx — %di’, D — AD (here D = D), one obtains

_ L L iy - -1

(F,HY} = / (Afi + ciP)AD(AGYD + Acub) AD (Ah; + ;) di.

Cancelling the underlined terms one can observe that, in spite of the ex-
plicit presence of f and h in the integrand (which may potentially lead to
non-locality of the transformed operator), the fact that they appear with
constant coefficients ¢; allows one to rewrite the above expression in the
form

{F.H} = /ﬁ»ﬁfﬁjd@,

13



where P is a local homogeneous third-order operator with the leading term
A*g D3, Thus, §¥ = A*g%, which is equivalent to the second formula (8)
(recall that in (8) g denotes the metric with low indices).

In the new Casimirs @’, the transformed operator P can be computed in
the following way. Taking into account that @* = “%, where A = ¢u™+co =
co(1 — ¢, @™)~ 1, one obtains

ouk  F — cak

out A
Thus, . R
oOf ok -k Of
Aaui = (07 — et )811"3’

so that the bracket

of P . oh )
{F,H}:/(Aw—l—cif) D(AgJD—i—Ackjug)AD (AO ; —|—c]h> dz

assumes the form

{F.H} = /<5k ,)ka

Using the identity

: f) D(Ag" D+Ac/ut)AD ((5 cja’“)% + cjﬁ) dz.

one obtains

Bty = [ 256 - ey DagiD + Ay a5 — )0 2
B (AghD + ATy A — eji) D2z
— [Df (A7 D + Aiub) AGE — i) D O
Since Df = (af/aam)a;", one arrives at
~m ) 1,] k k .,k aﬁ ~
m_ e i™) D—c;il ](AgJDJrAc uz) A(07 —cjt )Dﬂdﬁﬂ.
U

Using the identity

((5m — Czﬂm)D — Ciﬂgl = D((Sm — Ciﬂm),

(2 2

14



one ultimately arrives at the Hamiltonian operator P written in the trans-
formed Casimirs a*:

P9 = D(6]" — c;i™)A(g" D + cJub) A6 — e;a)D.

This is again a local homogeneous third-order expression of the form (2). [

6 Classification results

In this section we classify homogeneous third-order Hamiltonian operators
with the number of components n = 1,2 and 3. Our approach is based on
the correspondence with Monge metrics and quadratic line complexes. All
classification results are obtained modulo (complex) projective transforma-
tions as introduced in Section 5. To save space we only present canonical
forms for the corresponding Monge metrics rather than Hamiltonian opera-
tors themselves.

6.1 One-component case

Any one-component operator can be reduced to D3, see [26, 25, 6]. Indeed,
in this case system (4) implies g11,1 = ci11 = 0. This result goes back
to [20, 2, 21] where a complete contact classification of scalar third-order
Hamiltonian operators was obtained.

6.2 Two-component case

Here we provide both affine and projective classifications. The main results
are summarised below.

Theorem 1. Modulo (complex) affine transformations, the metric of any
two-component homogeneous third-order Hamiltonian operator can be re-
duced to one of the three canonical forms:

2\2 1,,2 2 1
1) _ (u ) +1 —u'u 2) _ —2u® wu (3) _ 1 0
9= ( —ulu? (w')? )’ 9= ul o) 9 =\o1)

The metric g™V gives rise to the Hamiltonian operator

2
D D=
u
P wp WPl pW) 4l D,
ul 2(u1)2 2(u1)2

15



the metric ¢(® corresponds to the Hamiltonian operator from Example 1 of
Section 2,

1
0 D—1
D 1 2 u 2 D
U u :
—D ——D+D—
ul (ul)2 + (ul)2

Note that these third-order operators are compatible (form a Hamiltonian
pair). The singular varieties of the first two metrics are double lines: (u')? =
0. Applying a projective transformation that sends this line to the line at
infinity, one can reduce the first two cases to constant form. This leads to

Theorem 2. Modulo projective transformations, any two-component homo-
geneous third-order Hamiltonian operator can be reduced to constant coeffi-
cient form.

Proof of Theorem 1. Setting U = (u'du?® — u?du®, du', du?), one can rep-
resent a generic two-component Monge metric in the form g = UQU! where
@ is a constant 3 X 3 symmetric matrix. Setting

T h1 —hg
Q= hi  fuin fi2
—ho  fi2  fa

one obtains, explicitly,
g = r(u'du® —u?du)? +2(utdu? —uPdut ) (hidu' — hadu®) + fijdu’du’. (10)
Equations (6) impose a single cubic constraint,

det Q = r(fi1faz — fia) — hifa2 — W f11 — 2hiha fi2 = 0. (11)
We have the following cases.

Case 1: r # 0. By scaling the dependent variables one can set »r = 1. By
shifting the dependent variables one can also assume that hy = ho = 0,
so that the constraint (11) simplifies to fi1f2o — f% = 0. This means
that the constant part of the metric (10), fijduiduj , is degenerate, and
therefore can be reduced to (du')? by an affine transformation. This
results in the metric

g(l) B < (w?)?+1 —ulu? >

—u1u2 (u1)2

16



Case 2: r = 0. Modulo affine transformations one can always assume h; =
1, he = 0 (if both hy and hy vanish we have the constant coefficient
case that can be reduced to ¢®®). Then (11) implies fop = 0, and by
shifting the dependent variables one can eliminate fi; and fio. This

results in ) .
(2) _ —2u u
g ( ul 0 ’

It remains to point out that the metrics g™, ¢, ¢ are not affinely
equivalent: the degrees of their coefficients are different. Ol

Proof of Theorem 2. One can verify that the projective transformation

1 u?
al ~2 g

= J) u- = Ea g = (U1)4

reduces the first and the second metrics to constant coefficient forms (di')?+
(du?)? and —2da'du?, respectively. Thus, the corresponding third-order
Hamiltonian operators can be transformed to constant forms by one and
the same reciprocal transformation. This explains their compatibility. [

6.3 Three-component case

Here we discuss the main result of this paper - projective classification of
three-component Hamiltonian operators (affine classification would contain
too many cases and moduli). This is achieved by going through the list of
normal forms of quadratic line complexes in P3, which fall into eleven Segre
types [16], and calculating the nonlinear constraints (6). Let us briefly recall
the main setup. Consider the Pliicker quadric p'2p3* 4 p3tp?* + p4p?3 =0,
let 2 be the 6 X 6 symmetric matrix of this quadratic form. A quadratic line
complex is the intersection of the Pliicker quadric with another homogeneous
quadratic equation in the Pliicker coordinates, defined by a 6 x 6 symmetric
matrix (). The key invariant of a quadratic complex is the Jordan normal
form of the matrix QQ~'. It is labelled by the Segre symbol that carries
information about the number and sizes of Jordan blocks. Thus, the symbol
[111111] indicates that the Jordan form of QQ ! is diagonal; the symbol
[222] indicates that the Jordan form of QQ~! consists of three 2 x 2 Jordan
blocks, etc. We will also use ‘refined’ Segre symbols with additional round
brackets indicating coincidences among the eigenvalues of some of the Jordan
blocks, e.g., [(11)(11)(11)] denotes the subcase of [111111] with three pairs
of coinciding eigenvalues, the symbol [(111)(111)] denotes the subcase with
two triples of coinciding eigenvalues, etc.

17



The Monge metric results from the equation of the complex upon setting
pY = u'du/ —u/du’, and using the affine chart u* = 1, du* = 0 (in some cases
it will be more convenient to use different affine charts, say, u! = 1, du' = 0:
this will be indicated explicitly where appropriate). The singular surface of
a generic quadratic line complex in P? is Kummer’s quartic surface, that can
be defined as the degeneracy locus of the corresponding Monge metric. For
Monge metrics associated to third-order Hamiltonian operators this quartic
always degenerates into a double quadric (that may further split into a pair
of planes).

Theorem 3. Modulo (complex) projective transformations, the Monge met-
ric of any three-component homogeneous third-order Hamiltonian operator
can be reduced to one of the siz canonical forms:

1. Segre type [(111)111]: we have a one-parameter family of metrics (c #

+1):
(u?)? +c —ulu? — 3 20>
g(l) = | —w'v? —uw?® (W) +c(u?)? —cu?u® —ul],
2u? —cuu® —ul c(u?)? +1

det g = (¢ + 1)(c — 1)(u'u? — u?)?, the singular surface is a double
quadric.

2. Segre type [(111)12]:

(w2 +1  —ulu?—u® 202
9(2) = —tu? — 3 (ul)Z —ul ’
2u? —ul 1

det g@ = (ulu? — u®)?, the singular surface is a double quadric.

3. Segre type [11(112)]:

(w?)?2+1 —ulu?® 0
9(3) _ —u1u2 (u1)2 0 ’
0 0 1

det ¢ = (u1)?, the singular surface is a pair of double planes (one of
them at infinity).

4. Segre type [(114)]:

—2u? ul 0
gW=[ 4w 0 0 (12)
0 0 1



det g = —(uh)?, the singular surface is a pair of double planes (one
of them at infinity).

5. Segre type [(123)]:

—2u? u' 1
g(5) = ul 1 0},
1 0 O
det ¢® = —1, the singular surface is a quadruple plane at infinity.

6. Segre type [(222)]:
100
g =101 0],
0 01
det ¢ = 1, the singular surface is a quadruple plane at infinity.

Proof of Theorem 3. The classification is achieved by going through the list
of Segre types of quadratic complexes and selecting those whose Monge
metrics fulfil (6). In what follows we use the notation of [13]; more details
on the projective classification of quadratic complexes in P? can be found in
[16].

Segre type [111111]. In this case the equation of the complex is

A" 4+ %) = Ao (p™? = PP+ As(p"? + p™)2 — M (p"? — p*)?
+ As5(p" +p*)? = As(p™ = pP)? =0,

here \; are the eigenvalues of QQ~'. The corresponding Monge metric is

[a1 + a2 (u®)? + a3(u?)?](du)? + [az + a1 (v®)? + az(u!)?)(du?)?
+ [az + a1 (u®)? + az(u')?](du®)? + 2ou® — azu'v?]du’ du?
+ 2[Bu? — agulud]dutdu® + 2[yul — ayuud]duldu?,
where ay = )\5—)\6, as = )\3—)\4, az = )\1—)\2, o = )\5'1')\6_)\3_)\47 B =
A+ X — A5 —Xg, ¥ = A3+ N — A1 — A, notice that a+ 54+~ =0. A

direct computation shows that the only metrics that satisfy (6) are those for
which the eigenvalues fulfil the relation (up to permutations of the \;):

A1+ A5+ A6

A=Az =M\ = 3
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Complexes of this type are denoted [(111)111]. Without any loss of gener-
ality one can set Ao = A3 =X =0, \y =1, A5 = %, g = —% where ¢
is a parameter (note that one can add a multiple of the Pliicker quadric to

the equation of the complex). This results in the metric

(u*)? +c —utu? —u? 2u?
g(l) = | —u'w? —u? (W) 4 c(u?)? —culu® —ul
2u? —cuu® —ul  c(u?)?+1

Note that although different values of ¢ correspond to projectively non-
equivalent complexes, the corresponding singular surface, det g(t) = 0, which
is the double quadric (u'u?—u?)? = 0, does not depend on ¢. Non-equivalent
complexes with coinciding singular surfaces are called cosingular. It was
shown in [3] that varieties of cosingular line complexes are generically curves,
with the only exception provided by complexes of Segre type [(111)111], in
which case the variety of cosingular complexes is two-dimensional. This ex-
plains, in particular, why the cosingular complex of Segre type [(111)(111)],
known as ‘special’, does not occur in our classification.

Another, more symmetric choice of representative within the same class,
can be obtained if one assumes

At A3+ A5

A=\ = X 3 ;

where without any loss of generality one can set Ao = Ay = A\g = 0, \; =
P, A3 =q, A5 = r, which results in the metric

r+p?)? g (r—qud —putv®  (p—v

) 1
(r—qu’ —pu'v®  q+pu)? +r@®)?  (¢-pu' —rv*? |,
2,,3
u

1,2
(p—ru? —qu'v®  (¢—plut —ru
recall that p + ¢+ r = 0. In this case

det g = pgr((u')? + (u*)* + (u*)” +1)°,

the corresponding singular surface is the double (imaginary) sphere.

Segre type [11112]. The equation of the complex is

)\1(]712 +p34)2 o )\2(]912 _ p34)2 + )\3(1)13 +p42)2
_ )\4(]713 _p42)2 + 4)\5]714]723 + (p14)2 =0.
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The corresponding Monge metric is

Aw?)? 4 p(?)? + 1) (du')? + [Mu')? + pl(du®)® + [u(u')? + A)(du®)?
+ 2[an® — Mulv?)dul du® + 2[Bu? — putud]dut du® + 2yul duldu?,
where A = A1 — o, = A3 — Ag, o = —A3 — A+ 2)X5, = A1 + Ao — 25,
v = —a— . A direct computation shows that there are two subcases which

satisfy (6). Up to permutations of the eigenvalues \;, we have
Subcase [(111)12]:

Ao =A3 =M = (1/3)()\1 + 2)\5).

Without any loss of generality one can set Ay =1, Ao = A3 =Xy =0, A5 =
—1/2. This results in the metric

(w?)?+1  —ulu? —u® 202
9@ = | —ulu?2 =P (u)? _ul
2u? —ut 1

Subcase [11(112)]:
A3 =g = A5 = (1/2)()\1 + )\2).

Without any loss of generality one can set A\; = 1/2, Ao = —1/2, A3 = \y =
A5 = 0. This results in the metric

(w?)?2+1 —ulu? 0
g(3) — —uly? (u1)2 0
0 0 1

Segre type [114]. The equation of the complex is

)\l(p12 +p34)2 o )\2(]?12 o p34)2 + 4/\3(1)14])23 +p42p13)

Setting p¥ = w'du’ — w/du’ and using the affine chart u! = 1, du' = 0 we
obtain the associated Monge metric,

Mdu?)? + [Muh)? + 4)(du®)? + [M(u?)? — 2u?](du)?

+ 20utdu?du® + 2[ut — audlduldu® — 22 udutduddu?,
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where A = A1 — Ao, @ = 23 — A1 — X\o. A direct computation shows that the
only metrics that satisfy (6) are those for which \; = A2 = A3. Complexes
of this type are denoted [(114)]. Without any loss of generality one can set
A1 = Ao = A3 = 0, which results in the metric

4(du?)? — 2u? (dut)? + 2utdu’du® = 0.

3

Setting u* — u!', u? — u3/2 we obtain

—2u? w0
9(4) = ul 0 O
0 0 1

Segre type [123]. The equation of the complex is
(P2 — P2 4 Dopl3pt? 4 4(p13)?2
+ )\3(42?14]?23 + (p12 +p34>2) + 2p14(p12 +p34) —0.
Setting p¥ = w'du/ — w/du’ and using the affine chart ' = 1, du' = 0 we
obtain the associated Monge metric,
Mdu®)? + Mwh)? + 4)(du®)? + [M(u®)? + 20| (du')?
+ 2aut dudu® + 2[1 — MP]duldu + 2[yu® — MBut — ut)duddu?,
where A = A3 — A1, & = 2 o — Ay — A3, ¥ = A — . The only metrics of
this form which fulfil (6) are those for which A\; = Ay = A3. Complexes of

this type are denoted [(123)]. Without any loss of generality one can set
A1 = X9 = A3 = 0, which results in the metric

4(du®)? + 2u3 (dut)? + 2duPdu’ — 2utduddu®.

Setting u* — iv2u', u? = u?/2, u?* — —iu®/+/2 we obtain

—2u? Wl 1
g(5) = ul 1 0
1 0 O

Segre type [222]. Here we have two (projectively dual) subcases, with
the equations

2)\1p12p34 + 2)\2p13p42 + 2/\3p14p23 + (p12)2 + (p13)2 + (p14)2 — 07
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and

2/\12912 34+2/\2p13 42+2/\3p14 23+( ) 4 <p24>2+ (p34)2 =0,

respectively. Setting p¥ = w'dw/ — w/du’ and using the affine chart u! =
1, du' = 0 we obtain the associated Monge metrics,

(du?)? + (du®)? + (du*)? 4 20u’ dudu® + 2Buddu’du’ + 2yuldu®du,
and

((@®)? + (")) (du®)? + ((u®)? + (uh)?)(du?)? + ((w?)? + (u®)?) (du')?
+ 2(au? — v?ud)dudu® + 2(Bu® — vPut)du?du® + 2(yu? — wdut)duddu?,

where a = Ao — A1, 6= X1 — A3, v = A3 — Ao. In both cases the condition
(6) implies A\; = A2 = A3 (such complexes are denoted [(222)]), however, the
second metric becomes degenerate. This is the constant case g6

Other Segre types, namely [1113], [1122], [15], [24], [33], [6], do not
correspond to homogeneous third-order Hamiltonian operators. Thus, the
only allowed Segre types are those for which:

(a) The Jordan normal form of Q27! contains at least three Jordan blocks
(that is, there are at least three entries in square brackets).

(b) There are three distinct Jordan blocks with the same eigenvalue A (that
is, there is a round bracket with three entries). According to [16], p. 200,
this implies that the singular surface of the corresponding quadratic complex
is a double quadric (possibly, reducible).

(c) The average of the remaining three eigenvalues (outside round brackets)
equals A (without any loss of generality one can set A = 0).

As demonstrated above, the only Segre types that satisfy all these con-
ditions are [(111)111], [(111)12],[11(112)],[(114)],[(123)],[(222)]. The types
[15], [24], [33], [6] do not satisfy condition (a); the types [1113],[1122] satis-
fying (a)-(c) lead to degenerate Monge metrics.

O

7 Concluding remarks

The main result of this paper is a complete classification of 3-component ho-
mogeneous third-order Hamiltonian operators of differential-geometric type,
that was obtained based on the link to Monge metrics and quadratic line
complexes. Modulo projective equivalence, we found six types of such oper-
ators. This was done by going through the list of normal forms of quadratic
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complexes in P3, labelled by their Segre types [16]. We observed that the
necessary condition for a quadratic line complex to be associated with a
Hamiltonian operator is the degeneration of its singular surface, known as
Kummer’s quartic, into a double quadric (that itself may split into a pair of
planes).

e The main challenge is to extend our classification to the general n-
component case n > 3. First of all, one can generate new examples of
homogeneous Hamiltonian operators with arbitrary number of com-
ponents by taking direct sums of operators with fewer components.
Thus, it is natural to restrict to the classification of irreducible op-
erators. Although the relation to Monge metrics and quadratic line
complexes is still available, there exist no reasonable ‘normal forms’
for quadratic complexes even in P*. All known examples suggest how-
ever that singular varieties of quadratic complexes in P" corresponding
to third-order n-component Hamiltonian operators are not arbitrary,
and degenerate into a double hypersurface of degree n — 1. We recall
that the singular variety of a generic quadratic line complex in P” is a
hypersurface of degree 2n — 2. For n = 3,4 these varieties are known
as Kummer’s quartics in P? [19] and Segre sextic hypersurfaces in P4
[28], respectively.

e It would be interesting to construct first-order Hamiltonian operators
compatible with the third-order operators found in this paper, and to
investigate the corresponding integrable hierarchies. For all Examples
from Section 2 this was done in [11, 22, 17, 18], see also [29] for some
results in the case of constant third-order operators n% D3.

e Some n-component third-order Hamiltonian operators (2) possess, in
addition to the n local Casimirs u!, another n nonlocal Casimirs of
the form s’ = z,b]i.(u)Dfluj . Changing from the flat coordinates u’ to
the nonlocal variables s’ one obtains a first-order constant coefficient
operator % D, thus establishing the Darboux theorem. Although this
procedure works for all Hamiltonian operators from Examples 1-3 of
Section 2 [11, 22, 17, 18], it does not seem to be universally applicable.
For general third-order Hamiltonian operators, the Darboux theorem
is yet to be established.

24



Acknowledgements

We thank G. Potemin for his involvement at the early stage of this work, and
numerous discussions. We also thank B. Dubrovin, M. Marvan, O. Mokhov
and A. Nikitin for useful comments. This research was largely influenced
by our friend and colleague Yavuz Nutku (1943-2010) to whom we dedicate
this paper. MVP and RFV acknowledge financial support from GNFM of
the Istituto Nazionale di Alta Matematica, the Istituto Nazionale di Fisica
Nucleare, and the Dipartimento di Matematica e Fisica “E. De Giorgi” of
the Universita del Salento. RFV would like to thank A.C. Norman for his
support on REDUCE. MVP’s work was also partially supported by the RF
Government grant #2010-220-01-077, ag. #11.G34.31.0005, by the grant of
Presidium of RAS “Fundamental Problems of Nonlinear Dynamics” and by
the RFBR grant 11-01-00197.

References

[1] S. Abenda, Reciprocal transformations and local Hamiltonian structures
of hydrodynamic-type systems, J. Phys. A 42 No. 9 (2009) 095208, 20

pbp.

[2] A.M. Astashov and A.M. Vinogradov, On the structure of Hamiltonian
operators in field theory, J. Geom. Phys. 3, no. 2 (1986) 263-287.

[3] D. Avritzer and H. Lange, Moduli spaces of quadratic complexes and
their singular surfaces, Geom. Dedicata 127 (2007) 177-197.

[4] A.V. Balandin, G.V. Potemin,  On non-degenerate differential-
geometric Poisson brackets of third order, Russian Mathematical Sur-
veys 56 No. 5 (2001) 976-977.

[5] I.V. Dolgachev, Classical algebraic geometry. A modern view, Cam-
bridge University Press, Cambridge, 2012, 639 pp.

[6] P.W. Doyle, Differential geometric Poisson bivectors in one space vari-
able, J. Math. Phys. 34 No. 4 (1993) 1314-1338.

[7] B.A. Dubrovin and S.P. Novikov, Hamiltonian formalism of one-
dimensional systems of hydrodynamic type and the Bogolyubov-
Whitham averaging method, Soviet Math. Dokl. 27 No. 3 (1983) 665
6609.

25



8]

B.A. Dubrovin and S.P. Novikov, Poisson brackets of hydrodynamic
type, Soviet Math. Dokl. 30 No. 3 (1984), 651-2654.

B.A. Dubrovin, Geometry of 2D topological field theories, Lecture Notes
in Mathematics, V.1620, Berlin, Springer, 120-348.

E.V. Ferapontov, Nonlocal Hamiltonian operators of hydrodynamic
type: differential geometry and applications, Amer. Math. Soc. Transl.
(2) 170 (1995) 33-58.

E.V. Ferapontov, C.A.P. Galvao, O. Mokhov, Y. Nutku, Bi-
Hamiltonian structure of equations of associativity in 2-d topological
field theory, Comm. Math. Phys. 186 (1997) 649-669.

E.V. Ferapontov, O.I. Mokhov, Equations of associativity of two-
dimensional topological field theory as integrable Hamiltonian nondi-
agonalisable systems of hydrodynamic type, Func. Anal. Appl. 30 No.
3 (1996) 195-203.

E.V. Ferapontov, J. Moss, Linearly degenerate PDEs and
quadratic line complexes, to appear in Comm. Anal. Geom. (2014)
http://arXiv.org/abs/1204.2777.

E.V. Ferapontov, M. V. Pavlov, Reciprocal transformations of Hamilto-
nian operators of hydrodynamic type: non-local Hamiltonian formalism
for linearly degenerate systems, J. Math. Phys. 44 No. 3 (2003) 1150—
1172.

J.T. Ferguson, Flat pencils of symplectic connections and Hamiltonian
operators of degree 2, Journal of Geometry and Physics, 58, Issue 4,
468-486.

C.M. Jessop, A treatise on the line complex, Cambridge University
Press 1903.

J. Kalayci, Y. Nutku, Bi-Hamiltonian structure of a WDVV equation
in 2d topological field theory, Phys. Lett. A 227 (1997), 177-182.

J. Kalayci, Y. Nutku, Alternative bi-Hamiltonian structures for WDVV
equations of associativity, J. Phys. A: Math. Gen. 31 (1998) 723-734.

E. Kummer, Uber die Flichen vierten Grades mit sechzehn singularen
Punkten, Monatsberichte der Koniglichen Preusischen Akademie der
Wissenschaften zu Berlin (1864) 246-260; see also Collected papers,

26


http://arXiv.org/abs/1204.2777

Volume II: Function theory, geometry and miscellaneous, Springer-
Verlag, Berlin-New York (1975) 877 pp.

0.1. Mokhov, Local third-order Poisson brackets, Russian Math. Sur-
veys 40, no. 5 (1985) 233-234.

0.1. Mokhov, Hamiltonian differential operators and contact geometry,
Functional Anal. Appl. 21, no. 3 (1987) 217-223.

0.1. Mokhov, Symplectic and Poisson structures on loop spaces of
smooth manifolds, and integrable systems, Russian Math. Surveys 53
No. 3 (1998) 515-622.

S.P. Novikov, Geometry of conservative systems of hydrodynamic type.
The averaging method for field-theoretic systems, Uspekhi Mat. Nauk
40 No. 4 (1985) 79-89.

G.V. Potemin, On Poisson brackets of differential-geometric type, So-
viet Math. Dokl. 33 (1986) 30-33.

G.V. Potemin, On third-order Poisson brackets of differential geometry,
Russ. Math. Surv. 52 (1997) 617-618.

G.V. Potemin, Some aspects of differential geometry and algebraic
geometry in the theory of solitons. PhD Thesis, Moscow, Moscow State
University (1991) 99 pages.

REDUCE, a computer algebra system; freely available at Sourceforge:
http://reduce-algebra.sourceforge.net/

B. Segre, Studio dei complessi quadratici di rette di Sy, Atti Ist. Veneto
88 (1929), 595-649.

1.A.B. Strachan, B.M. Szablikowski, Novikov algebras and a classifica-
tion of multicomponent Camassa-Holm equations, arXiv:1309.3188.

R.F. Vitolo, CDIFF: a Reduce package for computations in the goeme-
try of differential equations, software, user guide and examples freely
available at http://gdeq.org.

27


http://reduce-algebra.sourceforge.net/

	Introduction
	Examples
	Summary of main results
	Monge metrics and quadratic line complexes
	Projective invariance and reciprocal transformations 
	Classification results
	One-component case
	Two-component case
	Three-component case

	Concluding remarks

