Nonlinearity

LONDON

MATHEMATICAL 1P Publishing

SOCIET

C

PAPER « OPEN ACCESS

The generalised hodograph method for non-
diagonalisable integrable systems of
hydrodynamic type

To cite this article: Paolo Lorenzoni et al 2026 Nonlinearity 39 055005

View the article online for updates and enhancements.

You may also like

- Darboux integrability for diagonal systems

of hydrodynamic type
Sergey | Agafonov

- THE GEOMETRY OF HAMILTONIAN

SYSTEMS OF HYDRODYNAMIC TYPE.
THE GENERALIZED HODOGRAPH
METHOD

S P Tsarév

- Quasilinear systems of Jordan block type

and the mKP hierarch
Lingling Xue and E V Ferapontov

This content was downloaded from IP address 95.244.158.184 on 26/10/2026 at 13:28


https://doi.org/10.1088/1361-6544/ae65fd
/article/10.1088/1361-6544/ace1cd
/article/10.1088/1361-6544/ace1cd
/article/10.1070/IM1991v037n02ABEH002069
/article/10.1070/IM1991v037n02ABEH002069
/article/10.1070/IM1991v037n02ABEH002069
/article/10.1070/IM1991v037n02ABEH002069
/article/10.1088/1751-8121/ab859a
/article/10.1088/1751-8121/ab859a

IOP Publishing

M) Check for updates

OPEN ACCESS

RECEIVED
5 August 2025

REVISED
16 March 2026

ACCEPTED FOR PUBLICATION
28 April 2026

PUBLISHED
11 May 2026

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOIL.

Nonlinearity 39 (2026) 055005 https://doi.org/10.1088/1361-6544/ae65fd

LONDON
MATHEMATICAL
SOCIETY

EST. 1865 Institute of Physics

Nonlinearity { ®

VK

PAPER

The generalised hodograph method for non-diagonalisable
integrable systems of hydrodynamic type

Paolo Lorenzoni"** (), Sara Perletti"’(® and Karoline van Gemst"*

! Dipartimento di Matematica e Applicazioni, Universita di Milano-Bicocca, Via Roberto Cozzi 55, I-20125 Milano, Italy
2 INEN sezione di Milano-Bicocca, Milano, Italy
* Author to whom any correspondence should be addressed.

E-mail: paolo.lorenzoni@unimib.it, sperlett@sissa.it and karoline.vangemst@unimib.it
Keywords: non diagonal systems of hydrodynamic type, non semisimple F-manifolds, generalised hodograph method
Mathematics Subject Classification numbers: 53D45, 37K10, 37K25

Recommended by Professor Beatrice Pelloni

Abstract

We extend the generalised hodograph method to non-diagonalisable integrable systems of hydro-
dynamic type coming from F-manifolds. The method allows the construction of solutions start-
ing from the symmetries of the system. In the diagonal case, the completeness of the symmetries
follows from the integrability conditions that ensure the applicability of a Darboux’s theorem on
Pfaffian systems. In the regular non-diagonalisable case the validity of this theorem relies on some
further assumptions that we discuss in detail. Under these assumptions, the method provides the
general solution as in Tsarev’s diagonal case.

1. Introduction

The present paper is devoted to extending the generalised hodograph method to non-diagonalisable sys-
tems of hydrodynamic type. Such systems appear naturally in a range of different contexts. By virtue of
the techniques provided by the geometry of F-manifolds, the complexity typically portrayed by integ-
rability in the non-diagonalisable setting is here partially tamed.

The generalised hodograph method was introduced by Tsarev in [21] as a technique to solve diagon-
alisable integrable systems of hydrodynamic type:

u,=V(u) u,.

The diagonalisability of such a system entails the existence of a set of coordinates, called Riemann invari-
ants, by means of which the system can be reduced to the diagonal form

ul viooo ... 07 [ud
u? 0 v ... 0] |u
A=1 (0.1)
uy 0 0 v [uf
The functions {vi(ul,...,u”)}ie{l’”_yn} are called characteristic velocities, and are assumed to be pair-
wise distinct. By considering a vector field X having such characteristic velocities as components in the
Riemann invariants X’ =+, i € {1,...,n}, and by introducing the commutative and associative product

o defined by the structure constants

C;:k:6]i611;7 iﬂj7k€{1""’n}’

© 2026 The Author(s). Published by IOP Publishing Ltd and the London Mathematical Society.
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the system (0.1) can be written in the equivalent form
uizcj’:kau’;, ie{l,...,n}. (0.2)
The generalised hodograph method allows one to construct solutions
u(x,t) = (u' (x,1),...,u" (x,1))
of the system (0.1), in the implicit form
x4+ (u(x, ) t=w (u(x, 1)), ie{l,...,n}, (0.3)

in terms of the characteristic velocities {w/(u',...,u")}icq1,... . of the symmetries,

ul who0 ... 0] [ul
u 0 w ... 0] |u
= . . . o (0.4)
ul 0 ... 0 w' [uf
of the system (0.1), where by symmetry we mean a system of the form (0.4) commuting with (0.1).
Since the role of the systems (0.1) and (0.4) can be inverted one may write the hodograph formula
for solutions of (0.4) exchanging v and w' and replacing ¢ with 7 in the hodograph formula (0.3).
Alternatively one can also write the common solutions u(x,#,7) of both systems in implicit form as
x+v (u(x,t,7)) t+w (u(x,t,7)) T =0, ie{l,...,n}. (0.5)

In the present paper, we extend the generalised hodograph method to non-diagonalisable systems of
hydrodynamic type of the form

ul = Vi(u) i, ie{l,...,n}, (0.6)

defined by a block-diagonal matrix V = diag(V(y),..., V(;)), r < n, whose generic o' block, of size m,, is
of the lower-triangular Toeplitz form

vie@ 0 L0
el ylle) 0

Viy =1 . S N (0.7)
pral@) R i

As far as we know, the problem of extending the theory to the non-diagonalisable case was first raised in
[7]. Analogously to the semisimple setting, block-diagonal systems can be written in the form (0.2), by
introducing the commutative and associative product o defined by the structure constants
Ao =8980, (0.8)
i(BYk(y) — TR Ty Btk
for all o, B,v€{1,...,r}andie{l,...,m.},j€{l,...,mg}, k€ {1,...,my}. These products appear
in the theory of F-manifolds with Euler vector fields. More precisely, coordinates realising (0.2), called
canonical coordinates, were provided in [5] when the product defined by (0.8) induces the structure of an
F-manifold with Euler vector field and satisfies the regularity requirement. That is, the operator of multi-
plication by the Euler vector field admits a canonical decomposition such that to each Jordan block there

corresponds a distinct eigenvalue. It will be convenient to relabel the coordinates (u!,...,u") according
to the following rule. For each o € {2,...,r} and for each j € {1,...,m,} we write
jla) =myt g may +j, (0.9)

so that #/(®) denotes the j-th coordinate associated to the Jordan block with label o (for =1 we set
j(a) =j). The regular setting reduces to the semisimple one when r =n, in which case one retrieves sys-
tems of hydrodynamic type admitting a diagonal representation.

Integrable systems of hydrodynamic type appear in particular as related to a class of F-manifolds
introduced in [15] (see also [16]) under the name of F-manifolds with compatible connection (and flat
unit). These were extensively studied in [19]. This relation is pivotal in generalising Tsarev’s approach
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to the non-diagonalisable setting, as in the semisimple case the quantities (0.14) can be identified with
part of the Christoffel symbols of a torsionless connection V (called in [16] the natural connection)

and Tsarev’s integrability conditions coincide with the vanishing of some components of the associated
Riemann tensor. As shown in [15], Tsarev’s condition (0.16) can be written in one of the two equivalent
forms

il Ry + Rk =0, Roci+R, & +FR

s slm

¢, =0. (0.10)

In [19], it was proved that, under the regularity assumption, the existence of n commuting flows of the
form (0.2) allows one to introduce a connection V satisfying the conditions (0.10). As a consequence,
in the regular case, an integrable system of hydrodynamic type locally defines the structure of an F-
manifold with compatible connection (and flat unit). By exploiting this relation, it is possible to gener-
alise Tsarev’s integrability method to the non-semisimple regular setting. In accordance with the double-
index notation (0.9), let us introduce the n-dimensional vector

(vl’.”’vn) = (Vl(]),...,le(l),...,1/1(r)7”'7vm(r))7
where n=m; +---+m,. A key point is the following.

Main observation I.The matrix with entries
J\/I]’::t@vifajw", i,je{l,...,n},
evaluated at the solution u(x,#) of the algebraic system
x08 + 1) = () ae{l,.. r},i€{l,...,my},

has precisely the same form as the matrix V defining the system (0.6), meaning that there exists a vector
valued function Z such that M(u(x,)) = Zo. For instance, in the regular case and in canonical coordin-
ates, M(u(x,t)) has a block-diagonal form, each block being as in (0.7)

Using this crucial observation, it is not difficult to prove that the solution of the same algebraic sys-
tem is also a solution of the system (0.6).

In the diagonal Tsarev’s case, the linear system of PDEs for the symmetries has the form studied by
Darboux in Legons sur les systemes orthogonaux et les coordonées curvilignes and the integrability condi-
tion (0.10) ensures the applicability of theorem III (p 335 of [4]).

Darboux considered systems of first order PDEs of the form

awi

5 = fij(w,u). (0.11)
Not all first order partial derivatives of the unknown functions w; must appear in the system and

the computation of the compatibility conditions below (0.12) should not introduce the missing ones.
Darboux proved that the validity of the conditions

o _ o
ouk  Ow’

(0.12)

on the solutions of the system (0.11), implies the existence of a family of solutions. In particular, in the
general case where not all first order partial derivatives of the unknown functions are present, this family
contains functional parameters. For instance, in the context of Tsarev, the missing partial derivatives are
‘g‘;j (i=1,...,n), and n functions of a single variable f;(u'),...,f,(4") appear in the general solution.

Applying this result to the linear system for symmetries

ow =T (W—w), i#j, (0.13)
where
: o
i . ] . .
L= Py RYE i# 7, (0.14)

one obtains Tsarev’s integrability condition

Oy =0y,  i#j#k#i (0.15)

3
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This integrability condition may be equivalently formulated as
k k Tk k T k i
Oy + Dl — Dy — T T = 0, (0.16)
due to the identity

. l_

Tl + DiT — DALY, — ThTY = % (ark - ary). (0.17)
proved in [21]. As a consequence of Darboux’s theorem III, conditions (0.15) and (0.16) ensure the
existence of a family of symmetries (0.4), parametrised by n arbitrary functions of a single variable, one
for each Riemann invariant of the system.

Tsarev used also a slight extension of this theorem (proposition 1 in [21]) to prove that, in a neigh-
bourhood of a point (xy, ), any solution can be obtained applying the generalised hodograph method.
The non-diagonal case is more involved. Another key point is the following.

Main observation II. In the non-diagonal regular case which we study in this paper, Darboux’s theorem
III cannot be directly applied, since the linear system for the symmetries does not in general have the
form considered by Darboux. This requires some further assumptions. Under these additional assump-
tions, in a neighbourhood of a point, any solution can be obtained applying the generalised hodograph
method.

In the case of a single Jordan block, for instance, where

vio0 0
Voo 0
V= . ,
V" T
one has to assume that v = v/(u',...,u'),i€ {1,...,n}.

The extension of the generalised hodograph method to non-diagonalisable systems of hydrodynamic
type finds application in many areas. Among them, we mention generalised Lenard—Magri chains asso-
ciated with the Frolicher-Nijenhuis bicomplex, non-semisimple (bi-)flat F-manifolds and Dubrovin—
Frobenius manifolds (see, for instance, [15-18] and references therein), non-diagonalisable systems of
hydrodynamic type related to integrable geodesic flows (see [2, 3]) and Hamiltonian and bihamilto-
nian structures of hydrodynamic type and their deformations (see [6]). It is also worth mentioning [12,
13]. Some generalisation of the hodograph method appeared in the literature in the study of some spe-
cific examples (for instance in the study of reductions of the soliton gas kinetic equation [9, 22]) but as
far as we know a general proof of this method has never been given before. Remarkably the case of a
single Jordan block of arbitrary size is related to the mKP hierarchy (see [23]). We think that the under-
standing of integrability in the non-diagonalisable case will be also important in the study of dispersive
deformations of systems of hydrodynamic type [8]. The general results obtained so far require the exist-
ence of Riemann invariants for the dispersionless limit. Without this assumption only a few preliminary
results are available (see for instance [6] for the bihamiltonian case).

The paper is organised as follows. In section 1.1, we recall the definition of an F-manifold, the
notion of regularity, and the additional structure induced by a compatible connection. In section 2, we
extend the generalised hodograph method for such systems, adapting the original construction provided
by Tsarev in [21]. In order to do this it is necessary to fully exploit the correspondence between such
systems and F-manifolds with compatible connection. Section 3 consists of a discussion of the symmet-
ries for non-diagonalisable integrable systems of hydrodynamic type admitting a block-diagonal Toeplitz
form as introduced above. In particular, we consider the compatibility of the system of symmetries in
the wake of the results obtained in [19] in relation with integrable hierarchies. Section 4 is devoted to a
further study of the symmetries. Here, we prove necessary and sufficient conditions for the applicability
of Darboux’s theorem III to the linear systems for the symmetries. We call this property completeness.
This implies that the general solution of the system depends on #n arbitrary functions of a single vari-
able. The main difference with respect to the diagonal case is that not all the variables appear in these
arbitrary functions: each block contributes with a number of functions equal to the size of the block and
depending on the main variable of the block, i.e. u'(®) for the /" block. Remarkably it turns out that, as
in Tsarev’s diagonal case, the completeness of the symmetries allows one to obtain any solution using the
generalised hodograph method.
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1. Preliminaries

1.1. Regular F-manifolds with compatible connection
1.1.1. F-manifolds
F-manifolds were introduced by Hertling and Manin in [11] and are defined as follows.

Definition 1.1. An F-manifold is a manifold M equipped with

(i) a commutative associative bilinear product o on the module of (local) vector fields, satisfying the follow-
ing identity:

Lxoyo =Xo (Lyo) + Yo (Lxo), (1.1)

for all local vector fields X, Y;

(ii) a distinguished vector field e on M such that
eoX=X
for all local vector fields X.

Condition (1.1) is known as the Hertling-Manin condition and can be shown to be equivalent to

[XoY,WoZ]—[XoY,ZloW—[XoY,W]oZ
—Xo[Y,ZoW]+Xo[Y,ZJloW+Xo[Y,W]oZ
—Yo[X,ZoW]+ Yo [X,ZJoW+ Yo [X,W]oZ=0, (1.2)

for all local vector fields X, Y, W, Z, where [X,Y] is the Lie bracket.

Remark 1.2. The manifold in the above definitions is a real or complex manifold. For the former, all the
geometric data are to be smooth. For the latter, TM is to be taken as the holomorphic tangent bundle and all
the geometric data are to be holomorphic.

1.1.2. F-manifolds with compatible connection
F-manifolds are usually equipped with additional structures.

Definition 1.3. An F-manifold with Euler vector field is an F-manifold M equipped with a vector field E
satisfying

Lgo =o. (1.3)
One can easily observe that (1.3) implies that
[e,E] = e.

Following [15], we now introduce the notion of F-manifold with compatible connection (and flat unit).

Definition 1.4. An F-manifold with compatible connection and flat unit is a manifold M equipped with a
product

o: TM x TM — TM,

with structure functions c]’:k, a connection V with Christoffel symbols F;k and a distinguished vector field e
such that

(i) the one-parameter family of connections {V } with Christoffel symbols
;k — AC]l:k,

gives a torsionless connection for any choice of A for which the Riemann tensor coincides with the
Riemann tensor of V =V,

Ry (X,Y)(2) =R(X,Y)(2), (1.4)

5
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and satisfies the condition
ZoR(W,Y) (X) + WoR(Y,Z)(X) + YoR(Z,W)(X) =0, (1.5)
for all local vector fields X, Y, Z, W;
(ii) eis the unit of the product;
(iii) eis flat: Ve = 0.

Let us discuss some consequences of condition (1.4). For a given A, the torsion and curvature are
respectively given by

y

ROVE Rz]l +A (Vicjlfl v, ll) + )2 (c" Cd)

ijl

LS U F"+)\(c" ],)

where Rfﬂ is the Riemann tensor of V. Thus, condition (i) without (1.5) is equivalent to

(1) the vanishing of the torsion of V;

(2) the commutativity of the product o;

(3) the symmetry in the lower indices of the tensor field Vlcf;;
(4) the associativity of the product o.

Remark 1.5. Since the Hertling-Manin condition (1.2) follows from the symmetry in the lower indices of
the tensor field Vlcg, as shown in [10], F-manifolds with compatible connection and flat unit constitute a
broad class of F-manifolds.

Remark 1.6. The operator of multiplication by the Euler vector field has vanishing Nijenhuis torsion:
Ngo (X,Y):=[EoX,Eo Y]+ EocEo[X,Y] —Eo[X,Eo Y] —Eo[Eo X, Y] =0.

By virtue of this property, families of examples were constructed in [18, 19].

Remark 1.7. Condition (1.5) can be written in the equivalent form
R(Y,Z)(Xo W)+ R(X.Y) (Zo W) + R(ZX) (Yo W) =0, (1.6)

for all local vector fields X, Y, Z, W (see [15] for details).

In local coordinates conditions (1.5) and (1.6) read (0.10).
1.1.3. Regularity
Following [5], we present the notion of a regular F-manifold.

Definition 1.8 ([5]). An F-manifold with Euler vector field (M, o, e, E) is called regular if for each p € M the
matrix representing the endomorphism

L, :=E,0: T,M— T,M
has exactly one Jordan block for each distinct eigenvalue.

In this paper, we will use the following important result of [5] regarding the existence of non-
semisimple canonical coordinates for regular F-manifolds with Euler vector field.

Theorem 1.9 ([5]). Let (M, o0,e,E) be a regular F-manifold of dimension n > 2 with an Euler vector field E.
Furthermore, assume that locally around a point p € M, the Jordan canonical form of the operator L has r Jordan

blocks of sizes my, ..., m, with distinct eigenvalues. Then there exists locally around p a distinguished system of
coordinates {u', ..., u™ T such that
d =5, B =d, g8 =05050 0,

forallo, B,y €{1,...,r}andic{1,... my},je{1,....mg}, ke {1,....,m,}.

6
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The coordinates defining this special system are called David-Hertling coordinates, and in such
coordinates the operator of multiplication by the Euler vector field takes the lower-triangular Toeplitz
form (0.7) mentioned in the introduction with v(®) = 4@ We will also often refer to David-Hertling
coordinates as canonical coordinates.

1.1.4. Integrable hierarchies and F-manifolds with compatible connection
According to the results of [19], given an n-dimensional regular F-manifold with Euler vector field
(M,o0,e,E) and n commuting flows of the form

ui:c]ikxfs)u’;, iise{l,...,n}, (1.7)

defined by a frame of vector fields (X(y),...,X(s)), under mild technical assumptions, a unique torsion-
less connection V is defined by the conditions

Vi =0,  ije{l,...,n}, (1.8)
(dy V) =0,  ijke{l,...,n}, (1.9)

where V = Xo, defines on M the structure of an F-manifold with compatible connection and flat unit.
More precisely, we recall the following.

Proposition 1.10 ([19]). For (M, o, e, E) being an n-dimensional regular F-manifold and X being a local vector
field realising

o X' £LXB) fora+p,a,pe{l,...,r}

o XX L0 forany € {1,...,r} withmgy > 2,
there exists a unique torsionless connection V such that dy (Xo) = 0 and Ve = 0.

Remark 1.11. The proof of proposition 1.10 provides explicit formulas for the Christoffel symbols
{T k},] ke{1,...ny of V, in terms of {9X'}; ic(1,... 3> which we shall now recall. Let us fix ov, 3,7 € {1,...,7},
! 75 B#~y#a,andi€ {1,...,m,}. The Christoffel symbols of the unique torsionless connection satisfying
Ve =0and dy V=0, for V= Xo, are determined by the following formulas:

F}Eféikm =0, jef{l...,mgp kef{l,...,m}; (1.10)
Mo
i@ L (i—k+1)(a) i(@)  y(s—k+1)(a)
Liteyka) = X1(@) — x1(8) <3<6>X + Z L 8)sa)X (1.11)

s=k+1

Z F;C(((:Jc) (/3)X(Sj+l)(ﬁ)>v ke {17~~-,ma},j€ {17..,,WZ[3};

s=j+1
i) _ pile) .
Fj(ﬂ)l( o= Tione T€{l. ms}, (1.12)
l i(e) . .
](Oz l(a - Zr (a)1(o)? ]6{17"'7”’104}7 (1.13)
o#a
i(a) (i—k+1) () i(a) (s—k+1) ()
Fk(a)j(a) Xz(a) (3(] ()X + Z F(J 1)(a)s(a )X (1.14)

s=k+1

— Oy XD _ Z rie) X(s—;+z>(a>>
it
forj,k € {2,... mq },where j < k;

i(or) i(or) (s—k+1)(B) _ i(or) s—j+2)(8)
L) = ;p(m < ; Lizn@seX Z T X )
s=k+1 s=j+1

fork,je {2,...,mg},wherej <k. (1.15)

In remark 1.11, a quantity of the form X(=k+1)(@) is intended to vanish whenever the Latin index
i—k—+ 1 sits outside the range {1,...,m,}. The same holds everywhere else such a notation appears.

Remark 1.12. As observed in [19], thanks to the identity Vec]’:k = 0, for any local vector field Y, the
condition

(dy (Yo)), = dViY* — & V;Y* + (vkqis - vjcis) Y =0

7
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implies separately the condition

VY — g VY =0 (1.16)
and the condition

(vkc;; - vjcis) Y*=0. (1.17)

An F-manifold with compatible connection and flat unit can be constructed by means of such a con-
nection, when the local vector field X meeting the assumptions of proposition 1.10 belongs to a set of n
linearly independent local vector fields defining pairwise commuting flows.

Theorem 1.13 ([19]). Let {X(g),...,X(u—1)} be a set of linearly independent local vector fields on an
n-dimensional regular F-manifold (M, o, e). Let us assume that the corresponding flows

i

ut.:X(,-)oux, iE{O,...,n—l},

pairwise commute, and that there exists a local vector field X € {X(qy, ..., X(u—1) } such that X'(®) £ X'B) for
a# B a,Be{l,...,r}, and X*(¥) #£0 foreach o € {1,...,r} with my, > 2. Then an F-manifold (M, 0,e,V)
with compatible connection and flat unit is defined by the unique torsionless connection V realising Ve = 0 and
dy (Xo) =0.

In particular, the condition dy (Xo) = 0 implies that dy (Yo) = 0 for any other local vector field
Y defining a flow which commutes with the flow defined by X (in particular, dy (Xo) = 0 guarantees
that dy (Yo) = 0 for any other Y € {X(¢),...,X(4—1)}). The proof that an F-manifold with compatible
connection and flat unit can be so defined is based on the fact that if Z is a local vector field realising
dy (Zo) =0 then

(R;(miCZk—’—R;(ipCflnk—’—RZ)mC?k) Zl:07 iapamahe {1,...,”}, (118)

for any Z € {X(g),...,X(u—1)}. The assumption of {X(; }icqo,....n—1} providing a basis allows one to con-
clude that (1.18) must hold for any arbitrary local vector field Z, implying (0.10).

1.2. Symmetries
We now consider symmetries for a system of hydrodynamic type of the form

uiz‘/;(u)uflﬂ i€{17"'7n}’

defined by a block-diagonal matrix V = diag(V(y),..., V()), r < n, whose generic a™ block, of size m,, is
of the lower-triangular Toeplitz form (0.7). Recall that such a system can be written as

ui:c]’:kaui, ie{l,...,n}, (1.19)

where V = Xo with respect to the commutative and associative product o, defined by the structure con-
stants

i(O‘) __ safsasi
Gitak(y) = 9595 Ojrk—15

forall o, 8,y €{1,...,r} andie {1,...,my},je{1,...,mg}, ke {1,...,m,}, and associated to an F-
manifold structure (o,e, V) with compatible connection and flat unit. By symmetry, we mean a vector
field Y defining a flow

uiTzc;ijui7 ie{l,...,n}, (1.20)

which commutes with (1.19).

Remark 1.14. If dy(Xo) =0, then (1.19) and (1.20) define commuting flows if and only if dv (Yo) = 0. We
refer to [19] for details.
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2. The generalised hodograph method

We consider systems of hydrodynamic type of the form
u; = V(u) u,,

for functions u(x,t) = (u'(x,1),...,u"(x,t)) taking values in an n-dimensional regular F-manifold

(M, o0,e,E), where the (1,1)-type tensor V is the operator of multiplication by some vector field X on

M. Let r be the number of Jordan blocks of Eo, and let m,, denote the size of the oM block. In canonical
coordinates, such a system reads

ui= Vi =dxik, e {1,..n}, (21)

where

’(0() _ fasacgi
G(ahkn) = 9897 Ojk-1, (2.2)
for all o, 5,y € {l,...,r} and i€ {1,...,my},j€{1,...,mg}, k€ {1,...,my}. The matrix representing
V assumes a block-diagonal form V = diag(V(i),..., V), where the generic a™ block is of the lower-
triangular Toeplitz form (0.7).
In order to prove the first main result of the paper we need two technical lemmas.

Lemma 2.1. Let c]l:k be the structure functions of an F-manifold. A matrix valued function M := (M;) satisfies

M =cq M, ijke{l,... n}, (2.3)

if and only if M has the form M]‘ = c;kYk for some vector Y. In particular, in the regular case and in canonical
coordinates, M is a block-diagonal lower-triangular matrix of Toeplitz type, namely

(@) _ sap li—i+1)(@)
Mgy = 05 M) Lyizjy- (2.4)

Proof. Firstly we observe that any M of the form M; = ¢ Y* satisfies ¢, M; = ¢, M; (by associativity).
Multiplying both sides of (2.3) by ¢/ we obtain

i 1 vSs
Al;c - CksY
with Y* = ]\/Ij-ej . For instance, in the regular case

i(a) _ (@) (o) — say(i+1-N(B) 7 ..
MG = G5y ¥ = 05 Y DO 1

For o # 3 we have M;Eg)) = 0. This means that

yi(@) — ppile) gs(o) _ pple)

s(o) (o)

and therefore
i(a) _ y(i+1—j)(a _ aqliF1=i) ()
M) = YO0y = My .
O

Lemma 2.2. Any invertible matrix valued function of the form V]’ = c]’:SXS where C;; are the structure functions of
an F-manifold has inverse W; = c]’fk(X_l)k where Y = X! is the unique solution of the system V]’YJ =é. In
particular, if an invertible matrix valued function is of block-diagonal lower-triangular Toeplitz type, then its
inverse is as well.

Proof. The proof is a straightforward computation:

VW' =, X°c} (X*I)k = ¢ Xl (X*I)k =dy (Xox )" = &€ = 0.

Any matrix valued function of block-diagonal lower-triangular Toeplitz type can be written as V]l = ;SXS,
where c}s are David-Hertling structure constants. Conversely if c}s are David-Hertling structure constants
then V]’ = c]’ZSXS has block-diagonal lower-triangular Toeplitz form. In this case, from the above computation,

it follows that also the inverse W]’ = c;k (X~1)¥ has block-diagonal lower-triangular Toeplitz form. O

We can now state our first main result about a block diagonal system of hydrodynamic type.

9
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Theorem 2.3. Let
u, = Xou, (2.5)

be a system of hydrodynamic type defined by a regular F-manifold structure (with product o and unit e) and by
a vector field X satisfying the non-vanishing conditions:

X1 £ X1 for o £ B, X2(@) £ 0 whenever m,, > 2.
Let V be the torsionless connection uniquely defined by the conditions
Ve=0, dy (Xo) =0,
and let the vector-valued function u(x,t) = (u'(x,t),...,u"(x,t)) satisfy the algebraic system
xet X (u(x,t) = Y (u(x,1)), ie{l,...,n}, (2.6)
where the vector field Y satisfies the condition
(dy (Yo))y = A ViY* = ¢ V;¥* =0,  ij.ke{l,...,n}, (2.7)
and thus defines a flow
u,=You, (2.8)
commuting with (2.5). Then, u(x, t) is a solution of the system (2.5).

Proof. By differentiating (2.6) with respect to x and t respectively, we get

ei+A4;(u(x,t))qu:O, Xi—l—Mj(u(x,t))u]tzo, ie{l,...,n}, (2.9)
where
M :=tX' — Y, ije{l,...,n}. (2.10)

The function u(x, f) is implicitly defined by the algebraic system (2.6) and thus we can assume that M is
non-degenerate when restricted to u(x, t). In the diagonal case, Tsarev’s proof revolves around the obser-
vation that, on the solution u(x, t) of the algebraic system (2.6) defined by the vector field Y which is associ-
ated with the symmetries (2.8) of (2.5), the matrix M is diagonal. By using this fact, and taking into account
that in the diagonal case ¢’ = 1 for each i € {1,...,n}, equations (2.9) immediately reduce to

1+ M (u(x,t)u’. =0, X'+ M (u(x, ) ul =0, ie{l,...,n}, (2.11)

implying the result.
It turns out that a similar idea proves successful in the non-diagonal regular case as well. Firstly, observe
that on the solution u(x, t) of the algebraic system (2.6) we have

M; (u(x,1)) = tV;X' — V;Y', ije{l,...,n}, (2.12)

as
VX' — VY = 19X — 0)Y' + T (1X° — Y°)

0 oxi — oY — xTie

W oxi— oy,

foralli,je€ {1,...,n}. Moreover, by using (1.9) and (2.7) and taking into account remark 1.12, one obtains
the condition (2.3). In turn, by lemma 2.1, M(u(x, 1)) has precisely the form M;(u(x,)) = ¢ Z* for some
vector valued function Z and from lemma 2.2 it follows that (M(u(x, t))’l)]i = chfk (Z=1)*. Using these facts,
we obtain from (2.9)

= =

S

(Z) ¢ =—(z)"
and

w=—d

(27X = X

18

10
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Remark 2.4. Notice that if we start from an F-manifold with compatible connection and flat unit

(M, V0, e) and we assume that the vector field X defining the flow (2.5) and the vector field Y defining the
symmetry (2.8) satisfy dy (Xo) = 0 and dy (Yo) = 0 respectively, then the proof of theorem 2.3 does not
require the regularity assumption.

3. Integrability

In this section we discuss the compatibility of the system for the symmetries
(dy W)y = ¢ ViY* — ¢, V;Y* =0, ijke{l,...,n}, (3.1)

of equation (2.5) where V is the unique torsionless connection determined by Ve =0 and dy (Xo) =0
(whose Christoffel symbols are given in remark 1.11 in canonical coordinates). By multiplying (3.1) by ¢
and summing over j, we get

ViY =d VY, ike{l,...,n}, (3.2)
or equivalently
Y = -Ti Y 4+ V.Y  ike{l,..n}. (3.3)

Remark 3.1. Equation (3.2) is equivalent to equation (3.1). In fact, while it was already shown above
that (3.1) implies (3.2), the converse implication can be proved by observing that

GVAY = VY = (dhdy— ) Vo' =0, ke {1,
by means of (3.2) and the associativity of the product.
Let us now compute the compatibility conditions,
(0,0 — 00;) Y =0,
of the system (3.3). We have
IOY = — (OT%) Y° =T (0,Y°) + (9jcks) VeY* + i (0V.Y?)
= — (O} Y+ T (T3 = 69,1 ) + (9ik) Ve + e (9V.Y7) (3.4)
implying
(00 — 0kD;) Y = (akr;is — T} 4+ T}, TY — r]’?tr,;) y*
+ (96 — Ohcy + T~ Tiagy ) V2"
+6, (V.Y*) — C;S (OkV.Y?)
= Ry Y+ (9 — Ok + Ty — T

sk jt
+ ¢ (OVeY?) — 6 (B V.Y¥).

)veyf

Taking into account the symmetry of V¢, we obtain

(00 — 0uDy) Y = R Y* + (thcis - FLC};) VoY + ¢, (9V.Y*) — ¢ (8 V. Y)
= Ry Y" + ¢ (F}VeY’ + @VeYS) — & (T4, VoY + V. Y?)
= Ré]kYS + C;;svjveys - C]isvkveys
= RijkYS + c};SemVij YS — C]l:semvkvm Y*

which, since V,;V,,Y* =V,,V;Y* +R; .Y', becomes

tmj
(0j0k — 0c0)) Y = Rz Y* + "R, Y — ce"R;,,, V!

+ €™V, VY — c}semeVkYS.

11
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In particular, by (3.3), V;Y* = c;tVeY’ and V,Y* =, V.Y, giving

4"V VY — "V, VoY = eV, (c;,veyf) — "V, (6, V.Y
=4 (V) Ve¥' = &, (" inci,) Vo'
=6 (V) V¥ = & (Vo) V.Y,

due to the associativity of the product. Since Vec}?t =0 as a consequence of (1.2) (see [19] for details),
we get

"V VY — G "V, Vi Y =0,
yielding
(00 — 0c0)) X' = R Y* + "R, Y — e R}, 1 Y
(R’ S+t cksR,m]e +¢ RS, e ) Y
- [(c R+ GRS+ Rtkm> } Y. (3.5)

Thus, the compatibility conditions follow from
( ;micis + R;ikczns =+ R;kmcz]s) e" =0. (3~6)

Remark 3.2. Condition (3.6) amounts to condition (1.6), or equivalently to its local formulations (0.10).
In fact, while recovering (3.6) from (0.10) is immediate, the opposite implication can be proved by first
observing that (3.6) can be written as

Rt]k + CkSRS e + C Rtkm =0

tmj

and by then noticing that this implies that

C Rt]k + CksRim] + C Rtkm = (Clgch tjir Lthtkr> e+ Cks (th tmr L;mth]r) "+ C]I:s (('jmthkr C;ch tmr) 4
n . b . .
- Rt]r ( lmsc;ch Ckscth) + Rtkr ( ]scsmh mscj9 ) + Rtmrer <C;<scjh - C}sd{h) =0,

due to the associativity of the product. Thus, the condition of compatibility of the system (3.3) is equivalent
to the condition (1.6).

In the semisimple case, the system (3.2) for Y becomes
kal:(Sll(veYla i,ke{l,...,i’l},

which gives

VY =0, k1, (3.7)
or, by taking into account that F]’:k = 0 for pairwise distinct indices and F]’] = —Ffj for i # j,
HY =-TLY =Ti (Y-Y), k#i (3.8)

Notice that for k=1, due to (3.7), the two sides trivially coincide. In particular, the system (3.8) can be
explicitly written in terms of X, as

Y = L; X', k#1i. (3.9)
Due to theorem III in [4], the compatibility of the system (3.8) implies that the general solution of (3.8)
depends on n arbitrary functions of a single variable. Tsarev proved that this family of solutions allows
one to solve the Cauchy problem (i.e. the problem of finding the solution of the system satisfying
' (x,t9) = ul)(x)) for the system defined by Y (proposition 1 in [21]). Using this result, he proved that,
in a neighbourhood of a point P = (xo, ) where

u(P)£0,  Vie{l,...,n}, (3.10)
12
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any solution to the system (0.6) can be obtained by the generalised hodograph method (theorem 10
in [21]).

In the non-diagonalisable setting, this is no longer the case. For instance, when the operator of
multiplication by the Euler vector field is associated with a single Jordan block, the system (3.2) for Y
reduces to an identity for k=1, while for k # 1 it reduces to

Y = T Y 4.0, Y, (3.11)

since I'], = 0 by the flatness of the unit vector field. In this case, due to the presence of the partial deriv-
atives 0,Y°, we cannot straightforwardly apply Darboux’s theorem III. Nevertheless, in section 4, we will
show that, under suitable assumptions on X, such a system can be carefully recomposed into a family of
subsystems, to each of which Darboux’s theorem III can be applied. When this is the case, in the gen-
eric regular setting, the general solution to the system for the symmetries depends, as in the semisimple
case, on # arbitrary functions of a single variable. Unlike the semisimple setting, however, such arbitrary

functions
{{f(a) ( e )}ie{l,..‘,ma}} ’ (3.12)

ae{l,...,r}

only depend on the main variable of each block. This behaviour lead us to formulate the following.

Definition 3.3. We say that the set of symmetries for the system (1.19) is complete if the generic solution to
dy (Yo) = 0 depends on n arbitrary functions of a single variable, of the form (3.12).

4. Completeness of symmetries

The present section is devoted to providing necessary and sufficient conditions for the applicability of
Darboux’s theorem III to the linear systems for the symmetries. This leads naturally to the notion of
completeness of the set of symmetries. As pointed out above, such symmetries are determined as solu-
tions to dy (Yo) = 0, where V is uniquely expressed in terms of X.

We first observe some properties of V, involving its Christoffel symbols {I‘;k} in canonical coordin-
ates. In particular, we notice that some vanish by construction. Then, we prove some technical results
which allows one to phrase the vanishing of an additional subset of Christoffel symbols in terms of the
requirement for X to be independent of some canonical coordinates. More precisely, we get the condi-
tion ;) X’ X/(®) = 0 for i > j. We show that the vanishing of such an additional subset of Christoffel sym-
bols, or equivalently the independence of X on some canonical coordinates, is a necessary condition in
order for Darboux’s theorem to be applied to the system for the symmetries. Finally, we prove that the
assumption that X does not depend on such subset of canonical coordinates is also sufficient to apply
Darboux’s theorem to the system for the symmetries. Under such an assumption, since the system for
the symmetries is compatible, the set of symmetries is complete. In this setting, the symmetries exist and
are determined in terms of # functions of a single variable, in analogy with the semisimple case, with
these variables being the main variables of the blocks, {ul(o‘)}ae{ly___yr}.

For the convenience of the reader, we split the discussion into two subsections, starting with V' con-
sisting of a single Jordan block and then treating the case of an arbitrary number of Jordan blocks. First,
however, we prove three useful lemmas.

Lemma 4.1. Let o # [3. Then,

(i—k+1)(a) ¢ -
i@ _ [T - fizk (4.1a)
J(Bke) ] otherwise;
pi@) TG e neneey Hitksmg+l (4.1b)
J(BK(B) 0, otherwise.

Proof. Lemma 4.1 follows as a consequence of the symmetry of (Vc) i in i,y which reads

1 a)s o) 5567 j+k—1 Pz(oz k('y)(sﬁ(sg(sj’is 1 ](B) g)(sgég(st-&-k 1 +FJ(5 k(ry)(;gzégézris 1= 07 (42)
by using (2.2).

13
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Firstly, let « = v = v # (3, and let k = 1. Then (4.2) reads

m(@) _ plm—it1)(a)
Liwita) = Lignca)
If m < i the right-hand side is undefined and we get
e =0

i(a)j(B) —
proving (4.1a).
Now, let « = 8 =~ # v, and leti= 1. Then (4.2) reads

m(v) R
Do) -1y (a) = Ljtaok(a)-

If j+ k — 1 > m,, the left-hand side is undefined and we get

ke =0
proving (4.1b).
O
Lemma 4.2. The following are equivalent:
Ty =0, fork>2,j>i+1; (4.3a)
T ey =0, forjk>2i—j—k<-3. (4.3b)

Proof. Assume that (4.30) holds. Since for j > i+ 1 we have j > 2, then
k>2 = i—j—k< -3,

Thus (4.3a) holds.
For the converse direction, let us assume (4.3a). We proceed by induction over the upper index. Firstly,

suppose i = 1, then the conditions in (4.3a) becomes k > 2,j > i+ 1 = 2, and the non-trivial condition
in (4.3b) readsi —j— k < —3 <= j+k > 4, which is equivalent to j,k > 2. Thus (4.3a) and (4.3)) are
equivalent for i = 1. Now, we want to show that F;?io)é;),(a) =0form—h—j < —3 assuming F;EZ%r(a) =0 for
t—s—r=m—h—j < —3with t <m. We do so by considering (4.2) fora = =~ =v,withi=2,j,k > 2,
and substitute & := k+ 1. This gives

Tteha) = Dateih-2)(@) ~ Tatajtatyie T Titay (o) (4.4)
Letting m — j — h < —3, we have that the second and third terms of the right-hand side of (4.4) vanish by the
induction hypothesis, and we are left with

me) _ pm(@)
L aoh(a) = Dae)(j+h2)(a)" (4.5)

Finally notice that, sincem+1<j+h—2 <= m—j— h < —3, the right-hand side of (4.5) vanishes
by (4.3a) which proves (4.3D).

O
Lemma 4.3. Let o # [3. Then the following are equivalent:
(o) .
F;(g)s(ﬁ) =0, fors > i; (4.6a)
T =0, fork>i; (4.6D)
i(a) _ ;
Fl(a)k(ﬁ) =0, for k > i. (4.6¢)
Proof. Let us first observe that (4.6a) implies (4.60). As for the converse implication, let us assume (4.6b).
For s >iand anyj > 1 we have
i(a) (4.10) () (4.6b)
Do = Ti@grne = O
Finally, by (1.12), we have
i() _ _yile)
Lo = Ty
which implies the equivalence with (4.6¢). O

14
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4.1. One Jordan block
Let V, as in (0.6), be given by

X' 0 0
X X' ...00
v=1|. | (4.7)
XX X
In this subsection we show that the set of symmetries is complete if X', for any i € {1,...,n}, is a func-
tion of u',...,u' only and that such a requirement is necessary for the applicability of Darboux’s the-

orem III. This is accomplished by first showing that X' depends only on u!

zero whenever i —j—k < —3.

,...,u if and only if I‘]’:k is

Lemma 4.4. The following are equivalent:

8]~Xi =0, Vije{l,...,n} suchthatj >i; (4.8a)
I =0, Vijke{l,...,n} suchthati—j—k< —3. (4.8b)

Proof. Let us first show that (4.8b) implies (4.8a). Considering (3.3) for X, and relabelling i <+ k, for k <1,
gives

n
9 Xk =— Zrﬁxl
=2

which vanishes due to (4.8b) ask—i—I<k—i—2< —-3sincek<i — k—i < —1.
We now prove the converse direction. That is, we assume that the i" component of X depends on the
first i canonical coordinates only, and show that we must have Ffl =0fork—i—1< —3.By(1.14) we have

. 1 . . " " .
]l‘k _ ? 8]‘,1)<l_k+1 _ ak)(l—]-‘rZ + Z P}iLSXs—k-‘rl _ ZF;CSXS—H—Z ) (4.9)

s=k+1 j+1

Notice that if # =1 we cannot have i — j — k < —3. Moreover, if n =2, the only possibilityisi = 1,j = k= 2.
However, by (4.9), '}, is proportional to 3,X' which is zero by assumption. Thus we may assume that n > 2.
Since setting either j or k to 1 gives zero by Ve = 0, it is sufficient to prove (4.8b) for j, k > 2. We shall now
prove the proposition by showing that F]’fk = 0 whenever j > 2, and i < k which is equivalent by lemma 4.2.
We continue the proof by induction over the lower indices, and without loss of generality we assume that

j < k. Notice that the first two terms in (4.9) vanish as X' ~¥*! is undefined and i — j+2 < k—j+2 < k
since j > 2. Hence,

i 1 - i s— - i ys—j
]k - ? Z Fj—l,SX k1 - Z FkSX 2 . (4.10)
s=k+1 s=j+1
By letting j = k = n, we directly obtain zero by (4.10), as the sums are undefined. Thus, let k=n and fixj €
{2,...,n}, and assume that Iy, =0, i <h, for h>j. By (4.10) we have

. 1 " .
s=j+1

which equals zero as each term in the sum vanishes by the inductive assumption.
Now let us fix k € {2,...,n}, and assume that F]l-h = 0 for i < h, for each h > k. By this assumption, (4.10)
reads

= %2 > rpxet (4.11)
s=j+1
Finally we perform strong induction over j with base j = k. From (4.11) it is clear that setting j = k gives 0
by the above, as we already assumed that I',_ = 0 for s > k. Thus let us fixj € {2,...,k— 1} and assume
that sz = 0 for h > j. Then, the terms in the sum on the right-hand side of (4.11) vanish by the inductive
assumption, which concludes the proof. O
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Lemma4.5. Letj,k € {1,...,n}. If X' is a function of u,... u' only, foralli € {1,...,n}, then F]’:k isa
function of u',... u' only, foranyi € {1,...,n}.

Proof. Without loss of generality we assume that j < k. By lemma 4.4, it is sufficient to consider I" when
i—j—k > —2, or equivalently i > j, k with j, k > 2 by lemma 4.2. Notice that since i — k+ 1 <, and
i—j+ 2 < i, we already have that the first and the third term in (1.14) satisfy the required property. Thus,
it remains to consider the u—dependence of

i i
D T XM= o mae (4.12)

s=k+1 s=j+1

Furthermore, by lemma 4.4, s <i—j+ 3 < i+ 1 in the first sum, implying s — k+ 1 < i— k+ 2 < 7, while
s < i— k42 <iin the second sum, implying s —j 42 < i —j+ 2 < i. Thus, we only need to prove the
required property for the Christoffel symbols involved in (4.12). Let us proceed by induction over j + k.
Let j + k = 2n, which implies j = k = n. In this case both the sums in (4.12) are undefined and we get the
required result. Thus, assume the statement holds true for any sum of lower indices strictly greater than
j+ k. Here, the only term not directly satisfying the criteria by the inductive assumption is F Lkt

We have now proved that the u-dependence of F’ follows from the u-dependence of 1 kt1- However,
this allows us to apply the same argument to F _1 k11 and so on. There are two possible end points to this
path. The first, which is valid for k+j— 1 < n, gives '} ktj—1> Which is zero by Ve =0, and thus trivially

satisfies the statement. The second, which is valid for k+j—1>ngivesI';_ . This is zero by lemma 4.2
unless i = n. However, if i = n, lemma 4.5 is automatically satisfied. This concludes the proof. O

Remark 4.6. Under the assumption that 3, X’ = 0 for k > i, the formulas for compatibility (3.4), (3.5)
depend on u',...,u' only. By using lemma 4.4, (3.4) gives

9oy = > (9T}) Y Zr DY + OV Y

s=1

and so the statement follows from the u-dependence of the Christoffel symbols (lemma 4.5). In fact, Rs] ‘
vanishes whenever s > i + 1, and when non-vanishing it depends on u', ..., ' only. This can be seen as fol-
lows. The Riemann tensor is given by

5]k - akr @F;cs + F;ctrjts - F]ltrltcs
Let s > 1, then,
o the first two terms vanish by lemmas 4.2 and 4.4;

e for the third or fourth term not to vanish we must have i > t and t > s, but this implies i > s which is
false by assumption.

Thus, Rijk =0foranyi,jke€{1,...,n}ands€ {i+1,...,n}. Fors <iitis clear from the u—dependence of

the Christoffel symbols (lemma 4.5) that the u-dependence of the Riemann tensor is as stated, since the last

two terms vanish whenever ¢ > i by lemmas 4.2 and 4.4.

We have already pointed out that in general it is not possible to apply Darboux’s theorem to the sys-
tem for the symmetries (3.3) due to the presence of partial derivatives of the unknown functions on the
right-hand side of the system. However, we observe that Darboux’s theorem can be applied to the sub-
system for Y! provided that it is closed, in the sense that it only depends on the arguments of Y! (in
this case, solely on u') and does not include any of the unknown elements {Y*|s > 1}. Assuming that
the system (3.3) admits n linearly independent solutions {Y4 }aci,... s}, this implies some additional
conditions on the Christoffel symbols appearing on the right-hand side of (3.3). If these conditions are
satisfied, the function Y' is determined up to an arbitrary function of u'. At this stage, the right-hand
side of the subsystem for Y? does not contain any partial derivatives of unknown functions and, reas-
oning in a similar manner, it can be determined up to an arbitrary function of u!. The same can be
done for all the remaining components of Y leading to the following results. Let us call S; the subsys-
tem of (3.3) containing partial derivatives of Y’ in the left-hand side.

Proposition 4.7. Leti,j,k € {1,...,n}. In order to iteratively apply Darboux’s theorem to the the subsystems
S1,8,, ..., S, of the system of symmetries (3.3), we must have that F]’fk = 0 wheneveri—j—k < —3.
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Proof. In the case of a single Jordan block the system (3.3) reads
RY =T,V +d. V.Y =9,V —Tiy,  k>2 (4.13)

In particular, the subsystem for i = 1 reads
n
aY'=-Y"TLy, k=2 (4.14)
s=2

Since we want that the subsystem is closed, the components Y* for s > 1 cannot be present in the right-hand
side of (4.14). By linear independence of the elements of {Y4 }sc1,....n}» we must have that

I} =0, §>2,

which by lemma 4.2 is the desired result for i = 1. Analogously, as we increase i step by step, it is clear
from (4.13) that in order to have a closed subsystem, we must impose that

" .
>y
s=2

does not depend on Y* for s > i. However, by linear independence of the elements of { Y4 }ac{,...,n}> the only
way for this to occur is that

n
Z MY'=0 = Ti, =0, fors>i.
s=i+1
Thus, by lemma 4.2, we obtained the statement. O
Proposition 4.8. Leti,j € {1,...,n}. If0;X = 0 for i > j, then the set of symmetries is complete.

Proof. The system for the symmetries (3.3) reads

akyi:alyi—k—s-l_zmsys’ ie{l,....,n},ke{2,...,n},

s=2
which, by lemma 4.4, amounts to
‘ ‘ i—kt2
Y =0V - N Ty, ie{l,...,n},kef2,...,n}. (4.15)
s=2

In particular, we have

8kYi:0, k>

In turn, the system (4.15) for {Y'(u', ..., u")}ieq1,... ny can be rewritten as # systems
‘ 4 i—kt2
{8kY’ =V M- N T Y, ke {z,...,i}} : (4.16)
5=2 i€{l,...,n}

for the functions {Y'(u!,...,u') }ief1,...,ny- When looking at each of these systems separately, Darboux’s
theorem III from [4] can indeed be applied. More precisely, let us start by observing that for i =1 the sys-
tem (4.16) is trivially satisfied, determining Y*(u') as an arbitrary function of u'. As for i =2, (4.16) gives

Y =0, - T3,V

the right-hand side of which only involves the unknown function Y? and the known quantities I'3,, 9, Y?,
where I'3, only depends on u', u* by lemma 4.5. It follows that Y?(u', u?) is uniquely determined, having
fixed Y' (u'), up to another arbitrary function of u'. Let us fix some 4 < n and inductively assume that, for
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each i < h— 1, the function Y*(u!,...,u') is uniquely determined up to i arbitrary functions of u'. For i = h,
the system (4.16) reads

h—k+2

Y =0 Y = N TRY, ke{2,... 0},
=2

the right-hand side of which only involve the unknown function Y* and the known quantities I'}. for
se{2,....,h—k+2}, ke {2,...,h}, Yiforje {2,....h—1},and &Y' with t € {1,...,h — 1}. Thus,

the system for {8th} ke{2,...,ny only contains the function Y" itself and known quantities, i.e. the func-
tions {YJ}]E{I ,,,,, n—1} which have been determined in the previous steps, and none of the functions
{Y}ic(ht1,... my which are still to be determined. Moreover, by lemma 4.5, the system depends on u',...,u
only. The compatibility of such a system follows as a consequence of (1.5), as pointed out in remark 3 2
with the aid of remark 4.6. By Darboux’s theorem, Y"(u!, ..., u") is uniquely determined up to one more
arbitrary function of u', as 9, Y" appears nowhere in the system. This proves that the complete solution
{Yi(u',...,u") }icq1,... } is uniquely determined up to n arbitrary functions of u'. O

Thus, from propositions 4.7 and 4.8 together with lemmas 4.4 and remark 4.6, we have the main
result of this subsection.

Theorem 4.9. In order to iteratively apply Darboux’s theorem to the the subsystems S,,S,, ..., S, of the system
of symmetries (3.3), we must have that X' in (4.7) depends on u®,. .., u' only. Furthermore, if X' depends only on

u',...,u' then the set of symmetries is complete.

4.2, Arbitrary Jordan block structure
In this subsection, we treat the general case where the matrix V defining the system (0.6) consists of r
blocks, its generic o block being of the form (0.7). We show that a necessary condition for Darboux’s
theorem III to be applicable to a sequence of subsystems of (3.3) is that, for « € {1,...,r} and i €
{1,...,my}, X® does not depend on {/(?)|j > i}oe{1,...,r}- Under this requirement, we prove com-
pleteness of the symmetries, i.e. that the general solution to the associated system depends on # func-
tions of a single variable, of the form (3.12).

By virtue of lemma 4.1, the system for the symmetries (3.3) reads

i k (i—k+1)(a) i(a)

() V() = B YITHHD(@) Z (F VRS WAl a)) Y kef2,...,ma}, (4.17)
i m5—1+1

i(a (@) a i(or) :

B Y = Lo P = LY a#B,ie{l,...,mg}, (4.18)
s=1 s=1
forall « € {1,...,r} and i€ {1,...,m,}. Let us denote
U= {uf(”) i< z'} _ {uuo—) umin{amg}w)}
oe{l,...,r} Y oefl,....r}

Thus, the condition for X®) to not depend on {/(?) |j > i},c(1,. 4 for any a€ {1,....r} and

i€ {l,...,my}, translates to the requirement that X'(* depends only on 2/’. Under this assumption,
completeness of the symmetries follows as a consequence of rearranging the system (4.17) and (4.18)
into appropriate subsystems, to each of which Darboux’s theorem applies. We begin our discussion by
presenting the two following technical results.

Lemma4.10. Let v € {1,...,r}. The requirement

Fz(a)

ok(a) =05 Jk=2,i—j—k< =3, i€{l,....mqa}, (4.19)

is equivalent to
KXW =0,  k>ii€{l,...,ma}. (4.20)

Proof. Firstly, we assume (4.19). By replacing Y with X in (4.17), for k > i we get

@) empi(a) (4.19)
X' = =) Ty ¥ =0

s=2
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The proof of the converse direction is identical to the one-block case, i.e. lemma 4.4 so we omit the details
here. The attentive reader might however notice that in the proof of lemma 4.4 we use the fact that Ve =

0 =TI j = 0, which only holds in the case of a single Jordan block. Nevertheless, this is used solely to
remove the j, k > 2 requirement, which we keep here. O

Lemmad4.11. Let o, 3 € {1,...,r} with 8 # «. The requirement

Fll(((;))S(B) =0, s>iie{l,...,ma}, (4.21)
is equivalent to
FpX ™ =0, j>iie{l,...,m}. (4.22)

Proof. Let us first assume (4.21). By choosing k=1 in (1.11), we have

i(a)  (41a) 1 (i—s+1)()

Tionew = ~xa@ —xi ()(J<5>X1( +Zr ey X
er ()X jH)(m)’ (4.23)
_J+1

yielding Bj(B)Xi(O‘) =0whenj>isincei—s+1<i—1<jfors>2.
Let us now assume (4.22). Without loss of generality we may let mg > 1. Condition (4.23) fori <j =
mg reads

i(a) _ i—s+1)(a) s(@)
Los1(0) = ~ 3@ X1 /3)2 ma(B)1(a) X (4.24)

which yields I‘;f;‘()ﬁ) 1(a) =0 for i=1. Thus it is clear from (4.24) that assuming the statement for any h < i
proves that Fii‘;zﬁ)l(a) =0 for a generici € {2,...,mg — 1}, by the method of induction. Let us fix now

jE {2, SRELL 1}, and inductively assume that F;(((Z))l(a) =0fori<h,foreachhe {j+1,...,mg}. Then,
for i < j, condition (4.23) reads

i(or) _ _; (i—s+1) () ys(ex)
Fj(ﬁ)l(a) = T xi(@) _ x1(8) ;F( B)1(a) X (4.25)
Performing strong induction over i with base i =1 on (4.25) concludes the proof. O

Remark 4.12. Let X*(*) depend on U only, for all p € {1,...,r} and s € {1,...,m,}. Then

Fz(oz)

8k =0

forany o, 8,y € {1,...,r},i € {1,...,max(j,k) — 1},j € {1,...,mg}, k€ {1,...,m, }. This follows from
lemmas 4.2, 4.3, 4.10, and 4.11 together with (1.10), (1.13), and (4.1a).

Lemma4.13. If, foralla € {1,...,r} andi € {1,...,my}, X"®) depends on U’ only, then F k( ) depends
only onlU' as well, for any o, 3,y € {1,...,rh i € {1,....,ma},j € {1,...,mg}, andke{l N

Proof. The lemma follows from remark 1.11, and we give a sketch-proof in the following. Let us assume
that, foralla € {1,...,r} andi € {1,...,m,}, X'(*) depends on U’ only. In other words, (4.20) and (4.22)
hold for all « 6 {1 ., ryandi€ {1,...,m,}. By (1.10), the non-trivial Christoffel symbols to be con-
sidered are {I‘ k(,y }a B=yVy=a£BV y=B#a-

Let us ﬁrst set o = f§ =~. Without loss of generality, by lemma 4.10, we consider i > j+ k — 2.
Moreover, we may assume that j, k > 2 since the symbols where j=1 or k =1 are included in the consider-
ation v = a # (3 due to (1.13). By (1.14) and lemma 4.10, we have

i—j+3
i(a) _ 1 (i—k+1)(cx) (s—k+1) ()
Ditit) = Xa@ <a(] ()X D T X
s=k+1
i—k+42
2)( i+2)(
— O XTI — 3 TR KO ))’

_]J,»l
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where the first and third terms depend on ¢/ i only, since i —k+ 1 <iandi—j+ 2 < i. As for the second
and fourth terms, we have that {X(s=k+1(e)} e{k+1,....i—j+3} and {X(S_j+2)(a)}se{j+1,...,i7k+2} depend on
U'only,ass—k+1<i—j—k+4<iands—j+2< 1—]—k—|—4 isince j,k > 2. Hence, the property
of Fk(f;))J(a) to depend solely on U4’ reduces to the analogous property of {Fl(ja)l)(a (o) Fs€ (k1 .oimjt 3} and
{F;C(((; )s(a) }se{j+1,....i—k+2}> and thus follows from a double inductive argument over j and k.

Let us now set v = a # 3. Without loss of generality, by (4.1a), we consider i > k. By (1.11), we have

i) (4da) 1 - x(i—k+1)(@) : i—s+1)(a) y(s—k+1) ()
K@) (i ~ x00 3108 | X + szrmua) x*
s=k+1
i—k+1
-3 e ). 420
s:]+1

The proof that all of the quantities appearing on the right-hand side of (4.26) depend on U’ only develops
analogously to the previous case.

Let us finally set v = 8 # «. By lemma 4.1b, when F;;((%))j( 8) = 0, we have

i(a) i(a) i(a)
L5 = D1 G+k-1)(8) = ~Li()j+k-1)(8)"

whose dependence on U’ only follows from the previous part of the proof. O

Remark 4.14. Under the assumptions (4.20) and (4.22), the formulas for compatibility (3.4), (3.5) depend
onUf’ only when considering Y(). This follows from lemmas 4.10, 4.11 and 4.13, and from the observation

that R ;]( B)k(~) vanishes when s > i, while when non-vanishing it depends on ¢’ only.

For all m € {1,..., r{nax }mg} let us denote A, := {a € {1,...,r}|my = m}. Let us call S; the
oe{l,...,r

subsystem of (4.17) and (4.18) for {Yl(a)}aeAi.

Proposition 4.15. In order for the assumptions of Darboux’s theorem to be valid for the subsystems 51,S,, ...,
foralla € {1,...,r}andi€ {1,...,my}, X'®) must depend on U only.

Proof. In order to apply Darboux’s theorem to some subsystem of (4.17) and (4.18), such subsystem must
not include terms of the form 9, (4, Y*(®) for unknown Y*(*). Since such terms appear in the system as
OI(Q) YU=k1D(@) for k > 2, one must start from considering the subsystem Sj, as it is the broadest subsys-
tem where these terms do not appear for any k > 2. It reads

(o) Y1) = _ZFk(a)s(a) @, ke{2,...,ma}, (4.27)
() " @
a 1(a o (o .
Oy V') = —Litgyi(a) (Yl( Yl(ﬂ)) Z L )Ys(ﬁ)7 a# B, je{l,...,mg}, (4.28)

forall & € {1,...,r}. In order for the system (4.27) and (4.28) to be closed, it must not include any of the
elements { Y*(*) | s > 1}aeqi,....rp» Which means we require

Moy

1(a) ()
Zrkm)s(a) =0 k=2

and

M[gf_];%l
](5) Ysﬁ_o jz1, B#a.
s=2

By linear independence of the elements of {Y4 }acq1,... »}» this implies

Ty =0, s>1,k>2,
and
Tione =0 s>Lj>1 f#a
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In this way, one may determine {Yl(”‘) }aeqt,...,rp- Then, the broadest system to which Darboux’s theorem
may be applied is S,, as the only terms of the form 0, () Y*(®) are the ones for s = 1, which are known. The

same holds at a generic step. More precisely, for i € {2, e r{nax }mg} the subsystem S; is such that the
o€{l,...,r

only terms of the form 0, (4 Y*(®) are the ones for s < i — 1, which are retrieved in the previous steps. Such
system reads (4.17) and (4.18). In order for it not to include any of the terms { Y*(®) | s > i}aefl,...r}> ONE
must require that

Mg (i—k+1) () . i(a) (@) _
Z (Fl(a)s(a) Fk(a)s(a)) r =0, k> 2,

s=i+1
and
mg—j+1
P P =0, j>1 54,
s=i+1
which implies
(i—k+1)(a) i(a) .
F1<a)s(a) ~Dita)s(a) = 05 s>i, k=2, (4.29)
and
i) _ ..
Ligse =0 s>ihjz1l 8#a (4.30)

by linear independence of the elements of { Y4 }sc{1....,n}- In particular, (4.29) amounts to

(o) ;
Dioystay =05 s>i,k>2, (4.31)

as for s > i we have Fgl(al;sa)(a) =— Z T Uk:(';)(a) =0bylemma4.1ass>i>i—k+1. Bylemma4.2,

(4.31) amounts to (4.19), which is equlvalent to (4.20) by lemma 4.10. By lemma 4.3, (4.30) amounts
to (4.21), which is equivalent to (4.22) by lemma 4.11. By (4.20) and (4.22), forall &« € {1,...,r} and
ic{l,...,my}, X"® depends on U’ only. O

Proposition 4.16. If, forall o € {1,...,r} andi € {1,...,my}, the component X' depends on the
coordinates U' only, then the system (4.17) and (4.18) is complete.

Proof. Let us assume that, forall « € {1,...,r} and i € {1,...,m,}, the component X(@) depends on the
coordinates 4’ only, that is

O X =0, j>ioce{l,...r}.
By remark 4.12 and lemma 4.2, the system (4.17) and (4.18) becomes

i—k+2

_ k i—kt1)(e) _ pi(a)
O Y'() = 0y YOTFFD(@) 1 § ( L(@)e) _Fk(a)s(a)) Y ke{2,..ma}, (4.32)
i(e) i(er) .
By Y = § :r sy Y = Eﬂ:rj(ﬁ)s(ﬁ)w(f‘), a#Bje{l,...,mg}, (4.33)

foralla € {1,...,r} andi € {1,...,m,}. In particular, (4.32) trivially vanishes for k > i and, by
remark 4.12, (4.33) vanishes for j > i. Then, a solution Y to (4.32) and (4.33) must be such that for all
a€{l,...,rrandi€ {1,...,m,}, Y(®) depends on U’ only. The system (4.32) and (4.33) reads

i—k+2
ak(a) Yi( a1( Y(I ) + Z (Fil(akji; ) F;c((z))s(a)) YS(a)v ke {2a LR l} ) (4.34)
— i(e) : :
B Y@ = Zr sy T — erw)s(ﬁ)w@, a# B, jef{l,...,i}, (4.35)
=1
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foralla € {1,...,r} andi € {1,...,m,}. In particular, for each a € {1,...,r}, Y'(*) only depends on
w4t and, by lemma 4.13, so does the subsystem

oY@ = TiF o (PO -YP), pa, (4.36)

to which (4.32) and (4.33) reduces when letting i = 1. As Darboux’s theorem applies to such a subsystem,
whose compatibility follows as a consequence of (1.5), as pointed out in remark 3.2 with the aid of remark
4.14, its general solution depends on r arbitrary functions of a single variable

{ﬁ(a) (”l(a)> }ae{l,...,r}'

Once in possession of {Yl(o‘)}ae{l,mr}, let us consider the subsystem for {Y2(®)} ¢ 4 :

Doy () = 8y (o) V(@) 4 (Fl(“) . ) YA, (4.37)

l(a)z(a) 2(a)2(c)

Oipy Y21 = ZF(B) er oY, a#B,je{1,2], (4.38)

forall a € {1,...,r}. By lemma 4.13, it only depends on U2. As 0 (o) Y*(®) is known, Darboux’s theorem
applies to this subsystem, whose compatibility follows as a consequence of (1.5). Then its general solution
depends on | A, | arbitrary functions of a single variable

Vo (%) e

Let us assume that, for a fixedi € {2,..., Iglax mg }, for each h < i — 1 the generic solution of the
oel,...,r
subsystem
h—k+2
Oui) V) = Oy ¥ 4 (Pl @ =T ) Y@, ke {20k}, (439)
_ h(a) .
Y = =TI ) — Zr @Y, a#Bjefl,.. h}, (4.40)
s=1

forall « € {1,...,r}, depends on |.Aj| arbitrary functions of a single variable

{ior (W)}

iy by lemma 4.13, the subsystem (4.34) and (4.35) for

{Y@)} 1 4, depends on U’ only. As (o) YO~¥1(®) is known for k € {2,...,i}, Darboux’s theorem applies
to such a subsystem, whose compatibility follows as a consequence of (1.5), guaranteeing that its general
solution depends on |.4;| arbitrary functions of a single variable

{ﬁ(a) (ul(a)) }aeAi.

Therefore, in total, the general solution to the system (4.32) and (4.33) depends on

Once in possession of {{Y"(®)},c 4, }he{l

arbitrary functions of a single variable

{{fi(a) (ul(a)) }O‘EA‘}iE{l,...,Gemax ,}m"} - {{fi("“) (u](a)> }ie{l,,u,ma}}

ae{l,...,r}

We have proved the following, which is the second main result of the paper.
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Theorem 4.17. In order to apply Darboux’s theorem to the subsystems S1,S,, ... of (4.17) and (4.18), we must
have that, foralla € {1,...,r} andi € {1,...,my}, X'®) depends on U’ only. Furthermore, if, for all
a€{l,...,rrandic {1,...,my}, X®) depends on U' only, then the set of symmetries for the system (4.17)
and (4.18) is complete.

Corollary 4.18. Let V, determining the system (0.6), be of the form V = Xo where o is given by the structure
constants (2.2) and X'(*) depends onU" only, foralla € {1,...,r} andi € {1,...,my}. Then, ina
neighbourhood of a point P = (xy, ty) where

ul @ (Py£0,  Vae{l,...r}, (4.41)

any solution to the system (0.6) can be obtained by the generalised hodograph method.

Proof. Mutatis mutandis, the proof is analogous to the diagonal case (theorem 10 in [21]), due to the

fact that the system of symmetries satisfies the criteria for the use of Darboux’s theorem by theorem 4.17
and that the block-diagonal matrix M, defined by (2.10), is invertible. Moreover, like in Tsarev’s case and
precisely in the same way, Darboux’s theorem III needs to be slightly extended in order to guarantee the
uniqueness of the solution to the system of symmetries specified by its value the curve u'(x, ty) = u}(x) satis-
fying pointwise the transversality condition (4.41). O

5. Examples
The family of F-manifolds with compatible connection and flat unit studied in [18] does indeed satisfy
the Darboux’s condition on V. Such F-manifolds are obtained by considering V= Xo with X=E —age,

where ag = Y"1 _| €, u'(®) (where ¢, are complex parameters), and go by the name of Lauricella bi-flat
F-manifolds.

5.1. Examples in dimension 2
Let us consider the Lauricella example in the case of a single Jordan block of size 2. Let X =
(X (ut, u?), X2 (u',u?)), with

X! (ul,uz) =u' —qul, X? (ul,uz) =12, (61 #£1).
This choice corresponds to the system
ull  Jut —eul 0 ul
| u? u' —eut| |u2]”

The non-vanishing Christoffel symbol of the associated connection V is

% =-=.
Then dy (Yo) = 0 gives the system
o, Y (ul,uz) =0, (5.1a)
hY? (ul,uZ) = 61Y2(+17uz) +oY (ul,uz) , (5.1b)

for which a solution Y = (Y'(u!,u?), Y?(u',u?)) is given by

Y! (ul,uz) =fi (), (5.2a)

V(i) = = () + (1) f (), (5.2b)

u

1—61

where f; and f, are arbitrary functions depending only on the main variable u'. This is indeed the gen-
eral solution by Darboux’s theorem III.
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5.2. Example in dimension 3
In the case of a single Jordan block of size 3 the equation dv (Yo) = 0 gives

Y = 8,2 = 8, Y =0, @W:&W+%W, (5.3a)
€1

(12)?

82Y3:81Y2+%Y37 Yz, 83Y3281Y1+%Y2. (5317)

Let us apply the procedure explained in proposition 4.8. We start from the closed subsystem for Y':
oY =0 =0,
whose general solution is Y' = f, (u!). Using this information we obtain a closed subsystem for Y?:
Y2 =0, Y =0f+ %YZ,
whose general solution is given by

ven(), e= RO g,

1*61

where f; is a new arbitrary function of u!. Substituting Y! and Y? in the remaining equations for Y°> we
finally get

v= 1 )((uz)zﬂ’(ul)Jr(ﬂ =2)((@)* e = DA (') —wfi (')

(1 — 61)(2 — €
+ (@) e = D (@h(u)e + fi(u)u?)) ),

where f1,f,, and f3 are arbitrary functions depending only on the main variable u'. Moreover, by
Darboux’s theorem III, this is the general solution of (5.3).

As shown in [19], for general linear functions ap =>_"_, €; ' the construction of [18] still works.
However, Darboux’s condition is no longer satisfied. For instance, in the case of a single Jordan block of
size 3, with the choice ay = €31, the equation dy (Yo) = 0 reduces to

3
Y ' =8,Y, 9V =Y, @W:@W:i(iﬁ—ﬁ) (5.4a)
3\2 3
@W:_EW,@W:QW—Q@)W+Q”W. (5.4b)
u? (u2)° (12)°

Consider the one-form defined by o := 21.3:1 a;du’, where a; = Y°, o, = Y2, and a3 = Y. By (5.40)
« is closed and thus there exists locally a function U(u!,u?,u?) such that a; = ;U for i = 1,2,3.
Rewriting the system (5.4) in terms of U gives

RU+ 20,U=0= 123U — 120,05 U+ 120,05V,
u

where we substituted the expression for 0, U arising from the third equation of (5.4a) into the second

of (5.4b). Special solutions of this system may, for instance, be obtained using the method of separation
of variables. However, comparing with the previous example, we see how the method becomes much less
efficient in this case.

This example shows that when the first order linear system for the symmetries does not satisfy the
hypothesis of Darboux’s theorem III some higher order linear PDEs come into play. Based on this and
similar examples, we suspect that to further extend the results of section 4 beyond Tsarev-Darboux’s
framework might be extremely difficult.
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6. Conclusions

In this paper we have introduced the generalised hodograph method for block-diagonal integrable sys-
tems of hydrodynamic type

u;:V;(u)uﬂc, ie{l,...,n},

where V = diag(V(y),..., V() and any block, labelled by a € {1,...,r}, has the lower-triangular Toeplitz
form

i) 0 0
el ylle) 0
Viey = Lo
pra@) @) i
These systems can be written in the form
u =Xou,, (6.1)

where o is the commutative associative product of a regular F-manifold. The relation with the theory of
F-manifolds was crucial for our purposes as it allowed us to study the problem by framing it in a geo-
metric setting.

Thanks to the results of [19], we knew that integrable systems of the form (6.1) define on the asso-
ciated F-manifold a geometric structure (a torsionless connection V) compatible with the product of the
F-manifold structure. In particular, compatibility implies condition (0.10). Moreover, according to the
results of [15], in the semisimple case and in canonical coordinates, condition (0.10) reduces to Tsarev’s
integrability condition (systems satisfying this condition are sometimes called semihamiltonian systems,
and sometimes rich systems [20]). This condition coincides with the compatibility condition (in the sense
of Darboux) of the linear system providing the symmetries. Due to Darboux compatibility, the general
solution of the system depends on n (n being the number of components of the system) arbitrary func-
tions of a single variable. The same condition ensures the existence of a family of densities of conserva-
tion laws depending on the same number of arbitrary functions.

The generalised hodograph method allows the use of any symmetry of the system to define a solu-
tion which is given, in implicit form, as (x, t)-depending critical points of the vector field

xe+tX—-Y

obtained as a linear combination of the unit vector field and the vector fields X and Y defining the sys-
tem and its symmetry, respectively.

The results of the present paper show that the above integration method carries forth to regular non-
semisimple hydrodynamic systems. The main difference between the semisimple and the non-semisimple
case is the fact that in the latter the integrability condition (0.10) seems not sufficient to guarantee that
the solutions obtained applying the method provide the general solution of the system. The reason being
that, in general, the linear system for the symmetries cannot be reduced to Darboux’s form. However,
Tsarev’s theory can be fully extended considering the additional restrictions arising from the request of
reducibility to Darboux’s form. In particular, we have shown that the possibility of applying Darboux’s
theorem on compatible systems relies on the dependence of the components of the vector fields defining
the system on a subset of the variables.
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