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Abstract

The higher order Nash blow-up of an algebraic variety replaces
singular points with limits of certain spaces carrying higher order
data associated to the variety at non-singular points. Inspired by
the higher order Nash blow-up, we develop higher order Jacobian
matrix theory, a generalization of the Jacobian matrix theory in
the usual sense. The most significant contribution of this work
is the higher order generalization of similarity transformation. It
bridges the two long-standing, distinct research directions in the
study of higher-order Jacobian matrices: the one from the higher
order Nash blowup of a hypersurface, and the one representing a
higher-order tangent map of a morphism. As an application, we
use it to construct different contact and right invariants of isolated
singularities, generalizing the Tjurina algebra and the Milnor alge-
bra in singularity theory respectively. It is worth mentioning that
the Tjurina algebra and the Milnor algebra were constructed using
first-order derivatives, but now we are constructing invariants us-
ing arbitrary higher-order derivatives. The higher order Jacobian
matrix theory also has potential applications and inspirations in
multiple branches of mathematics: inspiring the establishment of
higher order Hessian matrix theory and projective invariants, cal-
culating explicit expression for the inverse of an automorphism of
a power series ring, and performing explicit calculations in finite
determinacy.
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1. Introduction

1.1. Higher order Nash blow-up. One of the central problems in
singularity theory is the classification of singularities. A goal is to find
enough invariants associated to isolated singularities that one can dis-
tinguish among them up to contact equivalence (see Definition 1.11).
However, not many effective invariants are known. Moreover, most of
the known invariants, for example, the geometric genus, are in general
hard to compute. In this article, we shall introduce many new invariants
of isolated singularities which are more easily calculated. The algebra
of germs of holomorphic functions at the origin of C! is denoted as O;.
O has a unique maximal ideal m (the set of germs of holomorphic func-
tions which vanish at the origin) and can be naturally identified with
the algebra of convergent power series in [ indeterminates with complex
coefficients.

Let (V,0) be an isolated hypersurface singularity defined by a holo-
morphic function f : (C!,0) — (C,0). The multiplicity mult(f) of the
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singularity (V,0) is defined to be the order of the lowest nonvanishing
term in the power series expansion of f at 0. For any isolated hy-
persurface singularity (V,0) C (C!,0) defined by f, the second author
considered the Lie algebra of derivations of the moduli algebra

of
’ 8xl
and showed that L(V) is a finite dimensional solvable Lie algebra
([Ya86], [Ya91]). L(V) is called the Yau algebra of V' in [Kh06]
and [Yu96] in order to distinguish it from other Lie algebras aris-
ing in the context of an isolated hypersurface singularity ([Al-Ma92],
[A-V-Z12]). The Yau algebra plays an important role in singularities
[Se-Ya90]. In this paper, we will introduce a series of new derivation
Lie algebras which are generalizations of the Yau algebra.

The classical Nash blow-up of an algebraic variety can be viewed as
the parameter space of the tangent spaces of smooth points and their
limits. It is natural to ask whether we can get a smooth variety by
Nash blow-ups. There has been much work on this problem, such as
Gonzalez-Sprinberg [Go82], Hironaka [Hi83], Nobile [No75], Rebassoo
[Re77], and Spivakovsky [Sp90], etc. Recall the famous theorem of A.
Nobile:

Theorem 1.1 ([No75]). Let X be a variety over an algebraically
closed field of characteristic zero, then the Nash blow-up of X is an
isomorphism if and only if X is non-singular.

A(V) = O/({f, 511{1’ e ),i.e., L(V) := Der(A(V), A(V)),

Theorem 1.1 (Nobile’s theorem) fails over fields of prime character-
istic. We state here a recently proved theorem for prime characteristic
under a normality condition.

Theorem 1.2 (Theorem 3.10 in [Du-Nu22]). Let X be a normal
variety over an algebraically closed field K of dimension d. Suppose
that K has prime characteristic p. If Nashy(X) = X, then X is non-
singular.

This article mainly focuses on higher order Nash blow-up with the
definition given below.

Definition 1.3 (Higher Order Nash blow-up [Ya07]). Let X be a
variety of dimension d, z € X, (") := Spec(O x./m2 1) its n-th infini-

tesimal neighborhood and Hilb(d+n) (X) is the Hilbert scheme of length

(d+n

n ) points of X. If X is smooth at z, then (™ is an Artinian sub-

scheme of X of length (dzn). Therefore, it corresponds to a point
2] e Hilb o:) (X)),
which induced the following morphism of schemes,
On : Xom — Hilb(dzn)(X)
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where X, denotes the smooth locus of X. The graph of o, is canoni-
cally isomorphic to Xg,,. We define the n-th order Nash blow-up of X
(called the higher order Nash blow-up with order n of X), denoted by
the higher order Nash blow-up Nash,,(X), to be the closure of the graph
I',, with reduced scheme structure in X x; Hilb () (X), together with

the projection
7, : Nash, (X) — X,

which is projective and birational. Moreover, it is an isomorphism over
Xom-

In order to compute the higher order Nash blow-up, especially in the
hypersurface case, the higher-order Jacobian matrix of a polynomial
was defined in [Dul7] and was rediscovered and developed further in
[B-P-D20] and [B-J-N19].

In this paper, we introduce different kinds of higher order Jacobian
matrices on top of the Jac,, (F') in [Dul7] which is redefined in Defini-
tion 1.14 for simplicity.

Let F' € Clxy,- - ,2;]. The ideal which gives the higher order Nash
blow-up with order n of a hypersurface V(F) is the ideal generated
by the maximal minors of Jacy,(F) ([Dul7]). With this in mind it
is natural to introduce the following higher order Nash blow-up local
algebra for an isolated hypersurface singularity.

Definition 1.4 ([M-H-Y-Z23]). With the notations above.

Let F' € C[zy,-- - ,2;] and Jac, (F) be the Jacobian matrix with order
n. Let Jn(F) C Clzy,---,x;] be the ideal generated by the maximal
minors of Jac,(F'). Then we define a new higher order Nash blow-up
local algebra of V' to be: M, (V) := Oy/(F, Jn(F)). We use d,(V) to
denote the dimension of M, (V).

Remark 1.5. If (V,0) is an isolated hypersurface singularity, then
it is easy to see that the My(V) is exactly the moduli algebra A(V),
moreover, M, (V) is Artinian (cf. Corollary 2.2, [Dul7]).

In [M-H-Y-Z23], the authors made the following conjecture.

Conjecture 1.6 ([M-H-Y-Z23]). Let (V,0) be an isolated hyper-
surface singularity defined by a polynomial F'(z1,--- ,x;) € C[x]. Then
M, (V) is a contact invariant of (V,0), i.e. it depends only on the
isomorphism class of the germ (V,0).

In [M-H-Y-Z23], Hussain-Ma-Yau-Zuo verified the Conjecture 1.6
for i =2,n = 2. In [F-H-Y-Z25], the Conjecture 1.6 for | = 2,n = 3 is
verified.
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We introduce general notations and conventions of the paper.

Definition 1.7. We define x:= (21, z2, - ,2;), @ := (21,22, - ,xp)
and " := (w1, 29, -+ ,x) where [,1',1" € Ny.

Definition 1.8. Suppose A is a finite set. We define #A as the
cardinality of A.

Definition 1.9. For the two elements 4,7 in a set A, ;; means
Kronecker delta.

Definition 1.10. For o := (a1,...,o;) € N, we define a! := ;! -
agl- .- ol and |af == a1 +as+ -+ .
The concepts of contact equivalence and right equivalence are classical

for analytic functions in singularity theory (cf. [G-L-S07]). We recall
them and generalize them to C [[z]].

Definition 1.11. Let F,G € C[[z]], resp. F,G € C{x}.

(1) F is called right equivalent to G, F ~ G, if there exists some
h € Aut (C[[x]]), resp. h € Aut (C{x}), and F = h(G).

(2) F is called contact equivalent to G, F ~ G, if there exists some
u € (C[[z]])*, resp. u € (C{x})*, and some h € Aut (C|[[z]]), resp.
h € Aut (C{x}), such that F' = u - h (G).

Remark 1.12. When F,G € O;, F ~ G iff F and G define, up to a
change of coordinates in ((Cl, 0), the same map germs ((Cl, 0) — (C,0),
while F ~ G iff F and G have, up to coordinate change, the same
zero-fibre.

Definition 1.13. Assume that F' € C[[z]] (resp. F' € C{x}) and
IF) is some ideal in C[[z]] (resp. C{x}) with generators solely asso-
ciated with components of ' and their various orders of partial deriva-

tives.
C ~ C C ~ C
(1) If we have h(l['[(a;:])]) = I(}E[(oﬁ)]), resp. h(;[(:g) = I(,;{(i];), for any h €

Aut (C[[x]]), resp. h € Aut (C{x}), the algebra %, resp. %, is a
right invariant.

C ~ C C ~ C
(2) If we have h(}@}) = I(u,([,[f(cl]w]))), resp. h(l{(ﬁ) = I(uiﬁ)), for any

h € Aut (C[[z]]), resp. h € Aut (C{z}), and any u € (C [[z]]*)", resp.
ue (C {:I:}*)l , the algebra % (resp. %) is a contact invariant.

1.2. Higher order Jacobian matrix theory. The theory of Jacobian
matrix has long been regarded as a classical approach, yet it falls short
in accurately describing higher order partial derivatives, thus limiting
its effectiveness in studying non-linear problems. The development of
higher order Jacobian matrix theory aims to compensate for the defi-
ciency.
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Higher order Jacobian matrices can be seen as a generalization of Ja-
cobian matrices that contains more than linear information. Undoubt-
edly, akin to classical Jacobian matrix theory, higher order Jacobian
matrix theory is fundamental and holds immense potential for signifi-
cant contributions across various mathematical disciplines in the future.
We show several direct applications and indirect inspirations from higher
order Jacobian matrix theory in Subsection 1.5.

The initial motivation for higher order Jacobian matrix theory is to
prove Conjecture 1.6. In this process, we want to study the relationship
between the matrix Jac, (F') and the matrix Jacy,(G) in Definition 1.14
defined below when F' and G are contact equivalent under Definition
1.11.

In this paper, we introduce matrices QJac,,, TJac,, and AT Jac,, which
are also the generalizations of the Jacobian matrix.

Although the higher order Jacobian matrix arises from higher order
Nash blow-up, we shall define the matrices for any F' in C [[x]] and any
C-algebra homomorphisms C [[z']] — C [[z]].

We introduce matrices QJac,’s, TJacy,’s and ATJac,’s in this sub-
section. For matrices Jac,’s and QJac,,’s, we introduce Definition 1.14.
For matrices TJac,’s and ATJac,’s, we introduce Definition 1.17.

Definition 1.14. Consider F' € C[[z]]. Let n € N;. The matrix
Jacy, (F') is defined to be a matrix whose rows are labeled by multi-
indices {a € N': |a] < n — 1} and columns by {b € N': 1 < |b| < n}.
The (a, b)-entry of Jac, (F') is

{(b_la),%';,,“'f ifb>a
0, otherwise
Arrange the labels by graded lexicographical order.

Let n € N. For the definition of matrix QJac, (F'), simply replace
{a € N': |a] <n—1} (resp. {bc N': 1< |b| <n})by{acN:|a| <n}
(resp. {b € N': |b| < n}) in Definition 1.14.

Remark 1.15. For F' € CJ[[z]] and n € Ny, Jac,(F) is of size

<l+7_1> X ((l—il—n> - 1) and QJac,,(F) is of size (Hl—n) X <Hl_n>

We give some examples of Jac, (F')’s and QJac,, (F')’s in Subsection
4.1.

The following two kinds of matrices TJac,, and ATJac, are used for
studying the relationship between QJac,,(F') and QJac,,(G) in Definition
1.14 when F and G are contact equivalent or right equivalent. (The
TJac, matrices also hold significant representational value, as discussed
in Subsection 1.3.)

Before we go further, it is needed to refer to (h)'yg)) which is defined
in Definition 1.16.
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Definition 1.16. Let R € Z, S € Z! and the C-algebra homomor-
phism A : C[[z']] — C[[z]]. We define

(R)
")y (S)

- {ZKEN”: ((71)”“ ' <11§> ACOE W) , ReN'andSeN

K<R
0, otherwise

In particular, (h)’ygg)) is equal to 1 when R = (0,0,---,0) and S =
(0,0,---,0), and equal to 0 when R = (0,0,---,0) and |S| > 0.

Definition 1.17. Consider the C-algebra homomorphism h : C [[2/]]
— C[x]]. Let n € Ny. The matrix TJac, (h) is defined to be a matrix
whose rows are labeled by multi-indices {a € N': 1 < |a| < n} and

columns by {b € N': 1 < |b| < n}. The (a,b)-entry of TJac, (h) is
). (@)
B “’) . Arrange the labels by graded lexicographical order.

Let n € N4. For the definition of matrix ATJac, (h), simply replace
{aeN':1<a| <n} (resp. {be N':1<|b] <n}by{acN:|a| <
n} (resp. {b € N': |b| < n}) in Definition 1.17.

Let 7,5 € N4. For the definition of matrix (h)Am-, simply replace
{aeN':1<|a|<n} (resp. {beN:1<|b|<n}by{acN':|a|=
i} (resp. {b € N': |b| = j}) in Definition 1.17.

Remark 1.18. For the C-algebra homomorphism h : C[[z']] —
!/
we know acy, is a matrix of the size —1] x
1], we know TJac, (h) f th <<”+l> )

Cllx

/
<< ) — 1) and ATJac, (h) is a matrix of the size <n;l) X
<n

) for arbitrary n € Ny.

We give some examples of TJac, (h) and ATJac, (h) in Subsection
4.2.

Theorems A, B, and C are foundational for Theorems D and E, as
they establish matrix expressions for the chain and Leibniz rules within
and between the QJac, and ATJac, matrix categories. In addition,
Theorem 2.10 is a key link in higher order Jacobian matrix theory.

For the matrix expression of the chain rule, we have Theorems A and
B.

Theorem A. For G € C|[[2']] and the C-algebra homomorphism
h: Cl[z']] — C[[z]], under Definitions 1.1} and 1.17 then

h(QJac, (G)) - ATJac,, (h) = ATJac, (h) - QJac, (h(G))

for any n € N,
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Theorem B. For the C-algebra homomorphism g : C[["]] — C[[2']]
and the C-algebra homomorphism h : C[[]] — C [[x]], under Definition
1.17 then

ATJac,, (hog) = h(ATJac,(g)) - ATJac, (h)

and
TJac, (hog) = h(TJac,(g)) - TJacy, (h)

for any n € Ny and n € N respectively.
For the matrix expression of the Leibniz rule, we have Theorem C.

Theorem C. For u,G € C[[z]], under Definition 1.14, then
QJac,, (uG) = QJac, (u) - QJac,(G)

for any n € N,

It is noteworthy that our definitions and properties of the aforemen-
tioned four types of matrices can be seamlessly extended to the case of
convergent power series rings. What’s more, Theorems A, B and C in
higher order Jacobian matrix theory also works for the formal power
series rings over R and the R-algebra homomorphisms between them
where R is an integral domain.

1.3. Representational remarks on the TJac, matrix. For the con-
cept of higher order Jacobian matrices, there has been different at-
tempts. As mentioned before, the Jac, matrix was constructed in
[B-P-D20], [B-J-N19] and [Dul7] from the higher order Nash blowup
of a hypersurface. On the other hand, the TJac,, matrix was constructed
from another background in [C-D-G21] (the matrix is named D} in
[C-D-G21]), representing a higher-order tangent map of a morphism.
Crucially, we bridge these research directions by introducing the vari-
ations of matrices (i.e., QJac,(h) and ATJacy,(h)) and establishing a
higher-order similarity transformation formula for these variations for
the first time (i.e., Theorem A).

Furthermore, we present distinct algorithms for computing higher-
order Jacobian matrices and explore the relationships among the ele-
ments of the TJac, (h) matrices in Section 2. The theorems in Section 2
are more intrinsic, while the matrix equations are representative. From
these intrinsic results, we directly derive the representative results (The-
orems A, B and C). Then from the three theorems we directly obtain
Theorems D and E.

Here we give an explanation to show that our construction of the
TJac, matrix is also the same matrix representation, using Theorem
2.10 in Section 2.
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For linear endomorphism h : C[[z']] — C[[x]], we have

h (:El) X1 €1
h(x T T

21 e B - |2 = Jac(h) o |
h () l‘z fl?z

by the property of Jacobian matrix. For general endomorphism h :
C[[z']] = C[[z]], what is the representation of the transformation from
the elements

L1, Ty Ty Loy L1 T, -+ TLLY, -+ Loy -
to the elements
h(@),h(e),-- hi(z), (h(21))?
h(@y) h(ws),- h(@) h(@e) .- (h(@e)?, -
Theorem 1.20 gives us the answer to the question.

Definition 1.19. For the C-algebra homomorphism h : C[[z/]] —

/
C|[z]] and n € N, we define the <n ?,_ l ) x 1 column vector
Bas(") (h)
Bas® (h)
BAS,, (h) := .
Bas(™ (h)

where Bas®) (h) is a column vector with entries labeled by {IeN': |I|=
k} arranged by graded lexicographical order. The [-entry of Bas®) (h)

is h ((93’)[)
Theorem 1.20. For F = Y, asx’ € C[[z]] and n € N, define

the n-jet truncation by

Jet™(F) := Z arz’ € Clx].

For matrices C over C[[x]], we extend this entrywise as
Jet™(C) = (Jet™(Cyy))

(1) For the C-algebra homomorphisms h : C[[z']] — C[[z]] and id €
Aut (C[[x]]), under Definitions 1.17 and 1.19, we have
Jet(™ (BAS, (h)) = TJac, (h)|o - BAS,, (id)

for arbitrary n € N.
It follows that:
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(2) For the C-algebra homomorphisms h : C[[x']] — C[[z]] and h' €
Aut (C[[x]]), under Definitions 1.17 and 1.19, we have

Jet(™ (BAS,, (h)) = TJac, <h o (h/)71> ’0 - Jet™ (BASn (h/))
for arbitrary n € N.

Proof. (1) From Definition 1.9 and Theorem 2.10, for arbitrary n €
N; and P = (p1,p2, -+ ,pr) € N with 1 < |P| < n, we have

Jet(™ (h ((m/) )) = Jet(" H H h(z;)

i=1k;=1

8\1(4 .)|h(a: )|

v P o &) .
= Jet™ H I > [(zk ’ Lt

i=1ki=1 p(i-k;) cpi

(h) (51»1762,1‘,'" 0 ’,i)
11] ’Y<I(i7ki)) b 1(isk;)
= Jet™ H H Z TGk o

i=1 k=1 (ih;) e

- ¥

IeNL|I|<n

81,002,001+
T (h)y(([(ivki)) : )|0
I
> II11 16k *
10k eNt 1 <i<l W1<k;<p;; ‘=1 ki=1
Zélzl ZZ::I (k)=
P (P)
3 (h)’YED)\Omz -y “mlo s
I! I! ’

IeN! |I|<n IeNL1<|I|<n

which implies the matrix equation
Jet™ (BAS,, (h)) = TJacy (h) |o - BAS,, (id)

holds for the element with row index P. Therefore, we complete the
proof.
(2) From Theorem B, we know TJac,, (h')|o is invertible and

TJac, ((h/)_l) lo= (TJacn (h/)|0)_1

By Theorem B and the result of (1), we complete the proof. q.e.d.
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Remark 1.21. In Theorem 1.20, we take the value of the TJac,
matrix at the origin. In polynomial cases, we can naturally obtain such

property at other points, which is exactly the equivalent definition (of
D?) in [C-D-G21].

1.4. On different generalizations of the Tjurina algebra and the
Milnor algebra. The Tjurina algebra of f € C {x} (i.e. C{z} /({f, 2L

o1’

. %{z» and the Milnor algebra of f € C{x} (i.e. C {w}/(%, e %))
play pivotal roles in singularity theory (c.f. [A-V-Z12]).

One application of the Tjurina number 7 (f) and the Milnor number
w(f) of f (i.e. the dimensions of Tjurina algebra and the Milnor algebra
respectively of f) is finite determinacy (cf. Corollary 1.51).

Another application for the Tjurina algebra is the renowned Mather-
Yau Theorem.

Theorem 1.22 (Mather-Yau [G-L-S07]). We define m := (x) C
CA{x} for simplicity. Let f,g € m. We define j(f) := <§T£’ 8%;’ cee axl
(similarly define j(g)).

The following are equivalent:

(1) f~g.

(2) For allb>1,

Cla}/ (f.m"(£)) = C{a}/ (g.m"j(9) )

as C-algebras.
(8) There is some b > 1 such that

Cla}/ (f,m'5(f)) = Cla}/ (g.mj(9))

as C-algebras.

Moreover, if f has an isolated singularity, then f ~ g iff Ty = Ty,
where Ty := C{x}/(f,j(f)) is the Tjurina algebra of f(similarly define
Ty).

Besides, J. Huh also discovers the relationship between Milnor num-
bers of projective hypersurfaces and the chromatic polynomial of graphs
((Hul2)).

In this subsection, we will give a glimpse of different generalizations
of the Tjurina algebra and the Milnor algebra for higher orders. It is
worth mentioning that the Tjurina algebra and the Milnor algebra are
constructed using first-order derivatives, but now we are constructing
invariants using arbitrary higher-order derivatives.

Based on higher order Jacobian matrices defined in Definitions 1.14
and 1.17, we introduce following ideals and algebras.
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Definition 1.23. Let F' € C[[z]]. For n,k € Nj satisfying k& <

I+ 7} -1 we define j,gk) (F) to be the ideal in C [[z]] generated by

all the (k x k)-minors of Jac,(F') under Definition 1.14. For n,k € Ny

/
satisfying k < <l —? n), we define ( ék)> (F) to be the ideal in C [[x]]

generated by all the (k x k)-minors of QJac,, (') under Definition 1.14.

Definition 1.24. Let F' € C|[z]] and we follow the notations of

l+n_1>,we define

Definition 1.23. For n, k € Ny satisfying k& < ( ]

TAO(F) = C[[=]]/(F, T (F).

For n, k € Ny satisfying k < <l —il_ n)} we define

(19 (F) = [l (7)) (F).

Theorem D. Assume that F € C[[x]] and n € Ni. Under Defini-
tions 1.13 and 1.24 we have the following statements:

(1) For any k € N satisfying k < <l + Tll B 1) , ’7;l(k)(F) is a contact
moariant.

!/
(2) For any k € N4 satisfying k < (l +l n)} (’R(k)) (F) is a contact

muariant.

For F € C{zx} and n € Ny, the above statements still hold where the
corresponding algebras are C{x} modulo ideals in C{x} generated by
the same elements.

Remark 1.25. Theorem D completely proves Conjecture 1.6. Fur-
thermore, the newly introduced algebras are still contact invariants.

/
Note that: 7, (F) and (7;,,(19)) (F) are two different ways to generalize

the Tjurina algebra; under Definitions 1.23 and 1.24, the size of minors
generating the ideals is arbitrary; F' does not need the condition of iso-
lated singularity at origin. In particular, we have introduced a lot of
invariants for projective varieties.

In fact, for F € C[[z]] and any k € N, satisfying k < (l + 7”; - 1>,

!/
the ideals have the relationship ( ék)) (F) C (F, A (F)). Therefore,

!/
the algebra (’ﬁl(k)) (F) is finer than the algebra 7, (F).
We can also study generalizations of the Milnor algebra.
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/
Parallel to (’E(k)) (F) and 7, (F), we define two kinds of totally new

/ "

algebras (M%k)) (F) and (M%k)> (F) related to the matrices TJac,, (F')
and ATJac, (F) introduced in this paper.

Definition 1.26. Let F' € C[[z]]. F can be treated as the C-algebra
homomorphism

F': Cla]] = Cll=]]

by letting F’' (z1) := F. For n,k € N, satisfying £k < n, we define
TIH (F) to be the ideal in C [[x]] generated by all the (k x k)-minors
of TJac, (F') under Definition 1.17.

Definition 1.27. Let F' € C[[z]]. F can be treated as the C-algebra
homomorphism
F': Cllaa]] = Cll=]]
by letting F’' (z1) := F. For n,k € N, satisfying k < n + 1, we define
ATTE (F) to be the ideal in C [[x]] generated by all the (k x k)-minors
of ATJac,,(F") under Definition 1.17.

Definition 1.28. Let F' € C[[z]]. For n,k € N, satisfying k < n,
we define

(MPY (F) = [l TP (F)
under Definition 1.26.

Definition 1.29. Let F' € C[[z]]. For n, k € N; satisfying k < n+1,
we define

(MP)'(F) = () fAT TS ()
under Definition 1.27.

Theorem E. Let F' € C[[x]] and n € N1. Under Definitions 1.185,
1.28 and 1.29, we have the following statements:

/
(1) For any k € Ny satisfying k < n, (M%k)> (F) is a right invariant.

(2) For any k € N satisfying k < n + 1, (M%k)y(F) is a right
mvariant.

For F € C{x} and n € Ny, the above statements still hold where the
corresponding algebras are C{x} modulo ideals in C{x} generated by
the same elements.

/
Remark 1.30. Parallel to Theorem D, Theorem E states ( ﬁ{”) (F)

"
and (M%’“) (F') are right invariants under Definition 1.13. Note that

/ "
(M%k)) (F) and (M%’“)> (F) are two different ways to generalize the

Milnor algebra; Under Definitions 1.28 and 1.29, the size of minors
generating the ideals is arbitrary; F' does not need the condition of
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isolated singularity at the origin. In particular, we have introduced a
lot of invariants for projective varieties.

!/
Remark 1.31. For 1 < k < n, one can easily verify (./\/l,(qk)) (F) =

A " "
< n ) (F) under Definitions 1.28 and 1.29.

/
It is clear that ’ﬁl(k)(F) and (Mgﬁ)> (F) can be viewed as gener-

alized Tjurina algebra and Milnor algebra respectively. However, both
2

/
(’m(k)) (F) and (pr) (F) are also different generalizations of Tjurina
algebra and Milnor algebra respectively. As the corollary of Theorems
D and E, we have the following classical results.

Corollary 1.32 (n = 1,I’ = 1 case: different versions of classical
result). In cases F,G € C[[x]] or F,G € C{x}, we have

(1) F ~ G implies that Mp is isomorphic to Mg as analytic algebras.
In particular, u(F) = p(G).

(2) F ~ G implies that T is isomorphic to T as analytic algebras.
In particular, 7 (F) = 7 (G).

At the end of the section, we consider a classical problem of Calabi-
Yau manifolds to show the usage of the higher order generalization of
the Tjurina and Milnor algebras.

Since the advent of mirror symmetry in string theory, there has been
a notable increase in interest and research activities concerning Calabi-
Yau manifolds, involving contributions from both physicists and mathe-
maticians. The significant attention that mirror symmetry has attracted
from the mathematical community stems from its effective prediction
of the number n; of rational curves of degree k& within these manifolds.
This conjecture, referred to as the Mirror Conjecture, was elegantly ad-
dressed by Lian, Liu, and Yau in their landmark paper ([L-L-Y97]).
We consider the geometric properties of a specific class of Calabi-Yau
manifolds defined by

XS:{(ml:'~:a:l)eC]P’l*l:a:ll—i—~~+x§+sx1...xl:0}.

We recall the following results.

_ o)

Theorem 1.33 ([Eg-Ho86]). Let j(t) = 1) be the j-invariant

of the cubic curve Cy with equation
x% + I:{’ + 33% — 3txorizy = 0,8 # 1.

Then Cy and Cy, are projective equivalent if and only if j(t) = j ().
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Theorem 1.34 ([Ch-Ya99)]). Forl > 5, consider the one parameter
family of Calabi-Yau manifolds

X = {(:El Deeen ) GCPl_l:xl1—|—~--+z§—|—t:z1---xl:()}.
For arbitrary t1,ta € C, Xy, is projective equivalent to X, if and only
if th =th.

When [ = 4, we have the following conjecture, which has been a
several-decades-old problem.

Conjecture 1.35. Consider the one parameter family of Calabi-Yau
manifolds

X, = {(331 coooixy) € CPP z%—kx%—km%—i—xﬁ%—tazlmgmm :0}.
For arbitrary ¢;,t2 € C, X3, is projective equivalent to Xy, if and only
if ¢} = 3.

We demonstrate that Theorems D and E play a role that transcends
classical Tjurina and Milnor algebras in the computation of distinguish-
ing equivalence classes below.

We define F®) = :Ii‘ll + :c% + x% + xﬁi + tx1xox32x4 Where t € C.

For the C-vector space dimensions of algebras T;k) (F ®) ) (1<k<5,

/
t=0,1) and (E(k)> (F(t)) (1<k<5,t=0,1), we have the following

results.

Table 1. Dimensions of the contact invariant 7'2(k) (F (t))

Ek t=0 t=1
1 16 )

2 130 100
3 431 371
4 1012 910
5 2113 1969

/
Table 2. Dimensions of the contact invariant (’7;“) (F(t))

Ek t=0 t=1
1 16 )

2 145 101
3 565 455
4 1535 1315
5 3567 3234
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It follows that Xy and X; in Conjecture 1.35 are not projective equiv-
alent using Theorem D.

!/
Also, for the dimensions of (Mgk)> (F(t)) (k=1,2,t =0,1), we
have the following results.

/
Table 3. Dimensions of the right invariant (Mgk)) (F (t))

E t=0 t=1
1 16 )
2 630 541

It also follows that Xy and X; in Conjecture 1.35 are not projective
equivalent using Theorem E.

However, from the perspective of the Tjurina number and the Mil-
nor number, we cannot obtain the same conclusion, since the Tjurina
numbers T (F(O)) and 7 (F(l)), and the Milnor numbers p (F(O)) and

I (F (1)) are equal to 81. It shows that the dimensions of generalized
higher order Tjurina algebras and Milnor algebras contain more infor-
mation than the classical ones.

1.5. Other applications and inspirations related to higher or-
der Jacobian matrix theory. Applications and inspirations associ-
ated with higher-order Jacobian matrices have become a prominent
topic in recent research (cf. [Bal, [C-D-G21], [deFe-Do20], [Di-St15],
[Dr-Se24], etc.).

In addition to presenting novel invariants of hypersurface singulari-
ties, the theory of higher-order Jacobian matrices possesses considerable
potential. For the convenience of the readers to realize the importance
of this theory, we include the applications aimed at addressing specific
problems, which appear in [F-Y-Z2]-[F-Y-Z4].

The three applications referenced in Subsection 1.5 leverage the re-
sults from Section 2 to generalize classical findings to their higher-order
versions. In practice, the representative results provide us with intuition
and direction, while the intrinsic results offer computational approaches.
Both are essential.

1.5.1. Higher order Hessian matrix theory and projective in-
variants. For algebraic varieties determined by homogeneous polyno-
mials of degree two (quadrics), this classification problem can be ad-
dressed through quadratic form analysis employing classical Hessian
matrix methods. In the broader context of higher-degree hypersurfaces
(degree > 3), we develop an innovative theoretical framework extending
these classical constructs, which we term “higher order Hessian ma-
trix theory”, as systematically developed in our previous investigation
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[F-Y-Z2]. The main content of this work is as follows.

Definition 1.36 ([F-Y-Z2]). Let F € C[[z]]. For P, P®) e N,
we define

(1)

(G=hny
5 !

W] _ |1 p@] =
PO 1 P@|1. P . PO [P —[PP] =0
B(P(l)’P(Q)) = (\P<1>+§<2>\_1)! _ (|P<1)+p(2)|+1)!

2. |PO) 4 PO pMI. PR 7
0, otherwise

|PD| —|PO)| =+1

For p,q € Ny, the matrix H(F)pg is defined to be a matrix whose

rows are labeled by multi-indices {@ € N': |a|] = p} and columns by
{b e N': |b| = q}. The (a, b)-entry of H (F),,q 18 B(a,b)-w Arrange

dxlatb) "
the labels by lexicographical order. Especially, we h;ve H(F), =
3 Hess (F).
For n € N, the matrix AHess,, (F') is defined as

H(F)oo H(F)oy -+ H(F)y,

H(F), H(F), - H(F),
(2)  AHess, (F):= e bt b

H(F)n,O H(F)n,l H(F)n,n

We call AHess,, (F') the n-th order of associated-Hessian matriz of F'.

Theorem 1.37 ([F-Y-Z2]). For F € C[[2']] and the linear C-algebra
homomorphism h : C[[z']] — C[[z]], with the notations in Definitions
1.17 and 1.36, we have

(3)  AHess, (h(F)) = (ATJac, (k)" - h (AHess,, (F)) - ATJac, (h)

for arbitrary n € N, which is equivalent to

T
(4) H(h ()= (a) h(HE),,) 04,
for arbitrary i,j € N.

Remark 1.38. Theorem 1.37 can be regarded as higher order con-
jugate transformation. This result is inspired by the higher order simi-
larity transformation presented in Theorem B.

Building upon Theorem 1.37, significant progress has been made in
constructing novel invariants for projective manifolds in [F-Y-Z2], with
particular emphasis on Calabi-Yau varieties. These invariants—derived
through systematic applications of the rank method and determinant
method—transcend classical invariants, revealing finer structural prop-
erties.
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Theorem 1.39 ([F-Y-Z2]). (1) For F € C[[z']], G € C[[z]] and
min {p, ¢} + min {1,I'} — 1

min {l,I'} — 1 )’ we

denote the ideal in C|[[z']] generated by all the k x k minors in H (F), |

by Il(k) and the ideal in C[[z]] generated by all the k X k minors in

arbitrary p,q,k € Np with 1 < k <

H(G)p,q by Ig(k). If there exists linear C-algebra homomorphism h :
Clx']] — C[x]], such that G = h(F), we have Iék) - h(ék)). I

=1 and h € Aut (C|[z]]), we have Iék) =h (Ifk)>.

(2) For F € C[[z']] and G € C[[z]] and for arbitrary n € N and
n+ min {l,!'}
min {l,1'}
C[[x']] generated by all the k x k minors in AHess, (F) by Jl(k) and the
ideal in C [[x]] generated by all the kxk minors in AHess,, (G) by JQ(k). If
there exists linear C-algebra homomorphism h : C[[x']] — C|[z]], such
that G = h (F), we have J\¥ C h (Jf“). Ifl =1 and h € Aut (C[[z])),

we have J2(k) =h (Jl(k) .

(8) Assume that F = 32 Fyy (resp. G = Y 720G ) is in C|[z]]
where Fy (resp. G(;)) is zero or a homogeneous polynomial of degree
i for arbitrary i € N. If there exists linear h € Aut (C[[x]]) such that
G = h(F), then for any n,n’ € N and any ro,r1,72, - € C, we have

(5) rank (AHessn (Z riF(i)> 0> = rank (AHessn (Z TiG(l')) !0)
i=0 =0

and

(6) rank (H (Z TZF(2)> 0) = rank (H <Z TZG(2)> 0) .
1=0 n,n’ 1=0 n,n’

(4) Assume that F, G € R[[z]]. If there ezists a linear h € Aut (R [[x]])
such that G = h(F), then for any n € N, the index of inertia of
H(F), ,lo (resp. AHess, (F) o) is the same as that of H (G),, ,, |o (Tesp-
AHess,, (G) |o)-

(5) Assume that F, G € C[[z]]. If there ezists a linear h € Aut (C [[x]])
such that G = h(F), then for any ni,ns € Ny satisfying ne > nq, we
have

k € Ny satisfying 1 < k < >, we denote the ideal in

H (G)nl,nl ‘0 H (G)nl,nlJrl ‘0 H (G)n1,n2 ’0

det H(G)nl—i-l,nl |0 H(G)n1+1,n1+1 |0 T H(G)nl—i-l,nz |0

H (G)ng,nl ‘0 H (G)ng,nl—l—l ‘0 e H (G)ng,nz ’0
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H (F)n1,n1 ’0 H (F)nl,’n1+1 ‘0 T H (F)nl,ng ‘0
= det H (F)”H-Lm |0 H (F)N1+1,n1+1 |0 o H (F)n1+17n2 |0
H (F)ng,nl ’0 ‘H (F)ng,nl—i-l ‘0 T ‘H (F)TLQ,TZQ |0

(7) (det (Jac (h))f'(lzinf) _2'(l Ry 1),

(6) For F € C|[z]] and any ni,ne,ny,nh,p,p’ € Ny satisfying ny >
ny and ny > n, when

H(pp/) e H(Fp/) o H(Fp/) o
nf,n} nf,nf+1 nl,nk
’ ’ ’
H (Fp )n'1+1.n/1 o H (Fp )n’1+1,n'1+1 lo H (Fp )n’l+1,n’2 lo
det : #0,
’ ' ’ ’ ' ’ .
H (FP? H(F? H (FP?
( >n’2,n’1 ‘0 ( )né,nll«#l IO ( )n/z,n/2 ‘O
L
H(FP) oy o o HEP), o, lo T+n2\ (l+n—1
det : . : I+1 I+1
H(F?)pymylo oo HEP) oo
L
H(FP’), S0 e H(FP'), Lo T+n5\ (l+n,—1
1M a2 I+1 141
det : ) ;
’ ’
H (F? H (FP
( )né‘n/l lo ( )n’z,n’z lo

s a nvariant under invertible linear transformation, where

l+n l4+n; —1 1+ nl l n’l —
L=tem () = () (W) - ()
In particular, for F € C x| homogeneous of even order m, on con-

dition that det (H (F)m m )] # 0, we have a sequence of invariants
272

{5 (F)}pen, (we call it j'-invariant sequence) under invertible linear
transformation defined by

(det (H(F)ﬂ ﬂ)) <l+7€;1>

272

(7) Consider germs (X,0), (Y,0) C (C',0). Assume that X is defined
by FO F@ ... F®) e C{x} andY is defined by GV, G ... G ¢
C{x}. We also assume that the lowest order among

FO F@ .. p0) g @ ... g
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isn. If X andY are biholomorphically equivalent, we have

i=1

P
rank | H <Z riF(i)> lo || for all 1,79, 7, € C
[5115]

i=1

q
= <rank | H (ZsiG(i)> lo | | for all s1,s2,---,5,€C
(31151

Especially, when p = q =1, we have

rank (H (F(1)>[ﬁ1 2 |0> = rank (H <G(1)>[21 B |0) .
2l2 2 bla

(8) Assume that the projective manifold X (resp. Y) in CP=! is
defined by FO, F? ... F® (resp. GV GOP, ... GD), where

FOF® . p0) GO GO ... G e Cla

are homogeneous. If X and Y are projective equivalent, then for arbi-
trary n € N4, we have

P
rank | H (Z mF(i)> lo| | for allry,re, -, €C
i=1 (31,151
q .
=< rank | H (Zsﬁﬂ”) lo | | for all s1,s2,--+,54 € C
i=1

[51.1%]
Especially, when p=q =1, we have

rmk (H () 12112 |°> = rank <H () 12012 |0> '

As an application of Theorem 1.39, we rigorously confirm Conjecture
1.35. In the course of our proof, we also utilize the following remarkable
determinant property associated with ATJac, and TJac, matrices.

Theorem 1.40 ([F-Y-Z2]). Under Definition 1.17, for
h € End (C[[z]])

with | variables, we have

9) det (™ A1) = (det (Jac (h)))(k+§1)
and

(10)  det (ATJacy, (h)) = det (TJack (h)) = (det (Jac (h))) (ii’f)
for any k€ Ny.
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Greuel and his team utilized the SINGULAR program to investigate
the Conjecture 1.35, however, no theoretical proof for complete invariant
of this family is provided.

Another important application of Theorem 1.39 is the classification
of homogeneous fewnomials with isolated singularities.

We recall a related result.

Proposition 1.41 (Proposition 3.1, [Ya-Zul6)). Let F' € C[x] be a
weighted homogeneous fewnomial isolated singularity with mult(F) > 3.
Then F' is analytically equivalent to a linear combination of the following
three series:

The Brieskorn type: x{* + x3* 4+ -+ 2" ' + 21,1 > 1,

The chain type: x$*xs + 2§2w3 + -+ + 2, o + 2,1 > 2,

The loop type: 1 xo + 25223 + -+ + 3, @y + 21,1 > 2.

The fewnomial singularity plays a significant role in mirror symmetry,
as pointed out by Ebeling and Takahashi ([Eb-Tal1l}).

Below are the results pertaining to the cases | = 4 and [ = 5 from
[F-Y-Z2].

When | = 4, let F' € C[x] be a homogeneous fewnomial of degree 4
with an isolated singularity. We provide all possible forms of F' along
with their corresponding ranks: rank(H (F)a2|o), rank(H (F?)4.40), and
rank(H (F3)gglo). It is evident that this approach effectively allows
for the study of projective inequivalence between different Calabi-Yau
manifolds in CP? defined by various forms of F.

Table 4. The [ =4 case

F rank (H (F)g.o \0> rank (H (F2)4,4 |0) rank (H (F3)6,6 \0>
m‘f+x§+z§+xi 4 22 56
:v?:@ —+ zgzg + Ig$4 + zj 7 28 75
a::fa:z + mgmg + 1214 + a:ia:l 8 34 76
x?xz + :v‘g:vg + zg —+ a:jlL 6 23 65
w‘;’wg —+ a:g’azg + zgzl + wi 7 28 70
23xo + x5 + x5 + x] 5 23 60
’I'?’I‘Q +mgm1 +ac§ +mi 4 22 58
m?mg + x; + 1314 + mi 6 25 62
:v'i'rg —+ mgzl + 933934 + :vjl1 5 23 66
1:13932 + :L’g:l/’l + z§z4 + Iiilig 4 22 68

When [ = 5, let F' € C[z] be a homogeneous fewnomial of degree 5
with an isolated singularity. We provide all possible forms of F' along
with their corresponding ranks: rank(H (F)s32|o) and rank(H (F?)s55]0).
It is evident that this approach effectively allows for the study of pro-
jective inequivalence between different Calabi-Yau manifolds in CP* de-
fined by various forms of F.
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Table 5. The [ = 5 case

F vank (H (F); 5 lo)  rank (H (F?), 1)

w?+azg+wg+mi+x2 5 45

5
x‘llwg + Jjgﬂjg + w§w4 + Ii + a2 8 66

4 4 4 4 5

T7T2 + Tox3 + T3Ty + T,T1 + T 9 T
lel“ +ades + fg + x5 + 22 7 56

4 5
x T + zors + 3wy + f + 28 8 63

4 5 5 5 5
T2 + x5 + T3 +xy + T3 6 50
5
w‘llmz + mézl + x5+ wi + a:‘;’ 6 51
2 ]

w‘llwg + x5 +w§w4 +wi + zp 7 57

5
"IJ%LEQ + x%wl + a:§1:4 + zi + a2 7 58

4 4 4 4 5
T1T2 + Tox1 + T3Ty + T,T3 + Tp 7 67
m‘llmg + £313 —+ m§m1 —+ fEifI:s + r§r4 9 87
Cl)jlil‘Q + m%mg + mgml +41§z5 +4mg 9 74
8

r1T2 + 2523 + x5 + 2,25 + T5xg 8 70

4 4 5 4 5
T Ty + Tox3 + T3 + TyxT5 + T3 8 65

Moreover, the classification of projective inequivalence for nonhyper-
surface cases can be explicitly demonstrated through concrete invariant
constructions. To illustrate this principle, we present the following rep-
resentative cases.

Example 1.42 ([F-Y-Z2]). Consider projective manifolds in CP3.
Assume that X is defined by F) = adag + 2dzs + 23x4 + 2321 and
F@) = afzy +adas + 2z + 2} and Y is defined by G .= xdxg +24 +
z3+ 2 and G? = 2t + 23+ 24 4+ 4. Then X and Y are not projective
equivalent.

Example 1.43 ([F-Y-Z2]). Consider projective manifolds in CP3.
Assume that X is defined by F1) := 2329 4+ 25 + 23 + 2} and F?) =
x} 4 23 + x3xy + 2} and Y is defined by G := xday + 233 + 23 + 2
and G =zt + 23 + w374 + z3x3. Then X and Y are not projective
equivalent.

Example 1.44 ([F-Y-Z2]). Consider projective manifolds in CP*.
Assume that X is defined by FU) := atwy + adzs + oz + 2§ + 22
and F?) := glze + xdxs + 23 + 23 + 22 and Y is defined by G :=
atrg + xdry + 23 + 23 4+ 22 and G = 2} + 25 + 2} + 25 + 22. Then
X and Y are not projective equivalent.

Example 1.45 ([F-Y-Z2]). Consider projective manifolds in CP°.
Assume that X is defined by F(V := 28 + 2§ + 2§ + 2§ + 28 + 28,
F® = 23wy + 2§ + 2§ + 2§ + 28 + 2§ and FO) = 2l + 2321 + 2§ +
2§+ 28 + 28, We define G := 2bxo + 2323 + 2321 + 225 + 2226 + 2214
and G®) := 2%x9 + adxs + 31 + 2j25 + 206 + 28, Assume that G
or G@ is among the defining polynomials of Y. Then X and Y are not
projective equivalent.

By considering the terms with the lowest order, one can also deter-
mine the contact inequivalence (i.e. biholomorphic inequivalence), as
illustrated by the following example.
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Example 1.46 ([F-Y-Z2]). Consider germs (X,0), (Y,0) C (CS,0).
Assume X is defined by FM), F®) ... Fm) € C{axy, x9, 23, 24, 75, 26}
where m; > 3, Jet(®) (F(l)) = 28 +a§+a§+ 28 +a8+ a8, Jet(®) (F(Q)) =
iwo+a§+a+af+al+al, Jet(©® (F(3)) = izt adz +af+af+zd+af
and Jet® (F(i)) =0 fori = 4,5,---,mp. Assume that GI G2 ¢
C{x1,x2, x3, 24, T5, x6} With Jet(©) (G(l)) = 2fwo+adws+adr +ajrs+
x2x6 4+ w3z and Jet(©) (G(2)) = 23T + 133 + 2371 + w5 + w376 + 2.
If GV or G vanish on Y, then X and Y are not biholomorphically
equivalent.

1.5.2. Calculating explicit expression for the inverse of an au-
tomorphism of a power series ring. The implicit function theorem
is a fundamental result that finds applications across various branches
of mathematics. In many cases, deriving an explicit expression is essen-
tial. More generally, for a given automorphism of a power series ring
over an arbitrary commutative ring with unity, our objective is to com-
pute the inverse expression. While the linear terms are determined by
the inverse of the Jacobian matrix, the computations for the nonlinear
terms become increasingly challenging.

In the univariate case, one can utilize Newton’s Lemma to explicitly
obtain the implicit function, or more broadly, the inverse of an auto-
morphism of formal power series.

Lemma 1.47 (Newton’s lemma [G-L-S07]). Let F' € C{x,y} and
k € Np. Let Y (x) € C{z} be such that, for D := %(m,?(m)), we
have
F(x,Y (x)) € (x)F - (D)? c C{x}.
Then there exists a Y (x) € C{x} with Y (x) - Y (x) € (z)* - (D) such
that F(x,Y (x)) = 0.

For the multivariable nonlinear cases, S. S. Abhyankar introduced

a method to tackle the challenge of deriving explicit expressions (cf.
[AbT74]).

Theorem 1.48 ([Ab74]). For the field K with char (K) = 0 and
f € Aut (K[[z]]), one can compute the expression of f~1 by
(11)
§ 1 M1 (- det (Jac () - Ty (05— £ ()
f @) = Z I ox!
IeN!
fori=1,2,---,l.

To determine the inverse up to a specified order using S. S. Ab-
hyankar’s method, one must calculate higher-order terms and then select
the relevant lower-order terms. This approach often leads to redundant
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computations in practice.

In [F-Y-Z3], we introduce two novel approaches for determining the
inverse of an automorphism of a formal power series ring over an arbi-
trary commutative ring with unity, grounded in higher order Jacobian
matrix theory. These methods can be conceived as nonlinear extensions
of the inverse matrix method and the Gaussian elimination method, re-
spectively, and they avoid the redundant computations that are common
in traditional approaches.

By employing these two methods, one can effectively derive the ex-
plicit expression in the implicit function theorem.

1.5.3. Performing explicit calculations in finite determinacy. In
singularity theory, the isolated hypersurface singularity is closely related
to finite determinacy.

We have the following definitions for finite determinacy.

Definition 1.49. For any positive integer k, F' € C{x} is called
right k-determined, resp. contact k-determined, in C{x}, if for each
G e C{x} with Jet®®) (F) = Jet™®) (G), we have F ~ G, resp. F ~ G,
in C{x}. The minimal such k is called the right determinacy, resp. the
contact determinacy, in C{x} of F. F is called finitely right determined,
resp. finitely contact determined, in C{x}, if f is right k-determined,
resp. contact k determined, in C{x} for some k € N. We also have
parallel definitions in K [[z]].

Here are some famous results of finite determinacy.

Theorem 1.50 (Finite determinacy theorem [G-L-S07]). Let F €
m:= (x) C C{x}.
(1) F is right k-determined if

mhtl cm?.j(F).
(2) F is contact k-determined if
mF Ll cm? . j(F) +m- (F).

With the method of highest corner, Theorem 1.50 (1) also works for
the K [[x]] case with char (K) =0 (cf. [Gr-P{02]).

Also, we have the following relationship between the Milnor number,
Tjurina number and the finite determinacy.

Corollary 1.51 ([G-L-S07]). If f € C{z}, f(0) =0, has an isolated
singularity with Milnor number p and Tjurina number T, then:

(1) f is right (p+ 1)-determined.

(2) f is contact (T + 1)-determined.

In finite determinacy, to compute the explicit forms of h and u in Def-
inition 1.11 is also an interesting question. For this question, [F-Y-Z4]
gives a matrix method by higher order Jacobian matrix theory.
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1.6. Statement. This paper is part of Fan’s doctoral thesis and was
finished in early 2023. After this paper was finished, Q. Thuong Lg,
T. Yasuda informed the second author that they independently proved
Conjecture 1.6 ([Le-Ya25]), which is only a small part of our Theorem
D. (They also discover some results similar to Theorem C and apply
it to the proof of the conjecture.) Recently, D. Duarte etc. also in-
formed the second author that they prove a special case of Conjecture
1.6 ([B-C-D25]). It is worth mentioning that Theorem D presented in
this paper not only provides a complete proof for Conjecture 1.6, but
also introduces many generalizations of the Tjurina algebra which are
contact invariants.

In [C-D-G21], the authors present an equivalent definition of the
TJac,, matrix and establish the same property as the second equation
in Theorem B. Through a distinct algorithm derived from our origi-
nal perspective, we independently derive this property. This approach
provides a straightforward implementation of the abstract definitions
outlined in [C-D-G21]. The equivalence between the two definitions
are discussed in Remark 1.21.

Acknowledgements. We thank the anonymous referee for various cor-
rections. Fan is supported by China Postdoctoral Science Foundation
2026T190823. Zuo is supported by BJNSF Grant 1252009 and NSFC
Grant 12271280. Yau is supported by the Tsinghua University Educa-
tion Foundation.

2. Proof of Theorems A, B and C

2.1. The structure of Section 2. We will prove Theorems A, B and
C in this section.

In Subsection 2.2, in addition to the calculation method of (h)ygg))
mentioned in Definition 1.16, we also provide two other calculation
methods.

In Subsections 2.3, 2.4 and 2.5, we use these calculation methods to
obtain the following results:

1. In Subsection 2.3, we prove Corollary 2.8 using the calculation of
(h)vgg)) by the inclusion-exclusion principle (Definition 1.16);

2. In Subsection 2.4, we show Theorem 2.10 using the calculation of
(h)'yg)) by p (Theorem 2.3);

3. In Subsection 2.5, we establish Theorem 2.11 using the calculation
of (h)vgg)) by the exact expression (Theorem 2.4).

On the basis above, we prove Theorems A, B and C in Subsections
2.6 and 2.7.

In Subsection 2.6, we derive the matrix expression of the chain rule
(Theorems A and B) for higher order Jacobian matrices.
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In Subsection 2.7, we give a matrix expression of the Leibniz rule
(Theorem C) for higher order Jacobian matrices.

2.2. Three methods for calculating (h)’ygg)). We introduce the fol-
lowing definition based on the inclusion-exclusion principle in Defini-
tion 1.16. In this subsection, we introduce other methods of calculating

R . . .
(h)’yE S)) to better apply this new concept. First we introduce two lemmas.

Lemma 2.1. For!' e Ny and B € N satisfying |B] > 0, we have

(o () -

KeN,
K<B

Proof. Let B = (by, by, -+ ,by), we have the expansion

l/
. B K
[[a-ar= 3 (0% (7)-@)").
t=1 KeN';
K<B
Letting ' = (1,1,---,1), we complete the proof. q.e.d.

Lemma 2.2. For the C-algebra homomorphism h : C[[z']] — C[[z]],
R = (7'1,7'2,"' ,Tl/) S Nl/ and S = (81,82,'” ,Sl) € Nl, |R’ > 0,

|S| > 0, we have
1)

oxS

_ > [

p{(dyiq)EN? :1<d<11<iq<sq }—{ (t.je)EN? :1<t<l/ 1<y <r; } =1 =1

S1 Sl
a| (Zilzl O(t.ap).p(L,ig)o ’Zz‘lzl 5(t,qt),p(z,il)) lh (%)

S S
9 (Zimt 5t 01,60 b= 8y o(1))

Proof. When |S| = 1, the equation is trivial.
If the equation holds when 1 < |S| < 59 — 1 for some sg > 2, we
consider the |S| = sg case. There exists 1 < k <[ such that s; > 0. By

induction, we have
5 ()

aws_(él,kaélk,'” ﬁz,k)

_ > [

p:{(dyia)EN? :1<d<I,1<iq<sq—08q,k }—{ (t.5:) ENZ 1<t <V, 1<gy <ry } t=1 e =1
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s1=0k

51761,k’ ,
3| (Zilzl 5(&(115),9(172‘1)7'“ ’Zilzl 5(t,qt),p(l,il)> |h (xt)

5101 k s1=01,k
o (Zilzl O(t,qe),p(L,ip)0 ’Zilzl 5(t7Qt)a/J(l1il)>

Below, for simplicity, we denote

5101 %
Ti=| D Stapi + Ok S(ta)Gas)s
i1=1
8101k
D S(taptin) + Ok - Otq).(Gawy)
=1
and
51—01,k
o= D Sttaoin + 00k Sta)ptkan)
i1=1
51—01,k
Z 5(t7qt)7p(l’il) + 517k ’ 5(t)qt)7p(k7sk)
=1

Acting % on both sides of the equation, we obtain

o (1 ("))

oxS

- >

p:{(dyia) N :1<d<I,1<ig<s4—0a k }—{ (t,5:)ENT:1<t<I1<Ge <rt }

4 rj a|Tl|h s
ST 2

j=lw;=1t=1q:=1

2.

p{(dyia)EN? :1<d<I1<iq<sq f—{ (t,50) ENF 1<t<U 1<, < }

oz

2.

p:{(d,id)€N2 1<d<1,1<iq<sq }—{ (t.5:)ENL:1<t<I/, 1<y <r¢ }

v 8\T2|h (2
{1 e

U (S S o Zi g o)) (2¢)

S1 Sl
= O (Z¢1:1 O(t,qe).p(11i1) " 200 =1 6(t,qt),p(l,il)>

with the second equation obtained by assigning p (k, s;) = (j, w;) where
1 <j<land1l<w; <r;. Therefore the proof is complete. q.e.d.
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In Theorem 2.3 below, we obtain the calculation method of (h)fygg))
by p.

Theorem 2.3. For the C-algebra homomorphism h:C [[2']] = C [[z]],
R = (7’177’2,“' ,T‘l/) € Nl/, S = (81,82,”' ,Sl) S Nl, ‘R| > 0 and
|S| > 0, we have

(R)
(h)V(s)

l/ Tt
p{(dyia)EN? :1<d<I1<iq<sg }—={ (t.jr) EN 1<t<l 1< <y 5 =1 @e=1
Im p={(t,j¢) EN? :1<t<l/, 1<, <r¢ }

S S
o (Z0r S Eilr S o))y ()

Sl Sl
ox (Zi1:1 5(t,qt)7p(l,i1) " ’Zilzl é(t,qt),p(l,il)>

In particular, when
|R| > [S] >0,
we have (h)'ygg)) =0.
Proof. By Lemmas 2.1 and 2.2 and the inclusion-exclusion principle,
the equation in Definition 1.16 can be written in the form of

|S| Y R-K
= 5 (e () ner) LGN
KeN';
K<R

- X e () (@)

K=(k1 ko, k1 )ENV;
K<R

U ri—kt

2. I 11

p:{(dyia) EN? :1<d<I,1<iq<sq f—{ (t,50) ENZ 1<t<U 1<y <ry—hy } =1 @=1

S Sl
a| (Zi1:1 6(twqt)7p(1»i1)7'“ 721‘1:1 6(t,qt),p(l,il)>|h (l't)

ox (Zjll=1 Ot qp),p(1,i1)>" ’Zillzl 6(t,¢1t)vp(l,il)>

= 2.

K=(k1,k, k) eNUs 1<pi) <pl® <ocpl®) <p wi1<t<lV satisfying k40

K<R;

p{(dyia) N :1<d<I,1<iq<sq }—{ (t,5:) ENZ 1<t<V 1<, <ry }5
(V1<rsr satistying ko { (+#87) (607 ) (62")) )0 1 =0
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Tt 8‘ (Zillzl O(t,q¢),p(1,i1) 7" ’Zillzl 5(t,qt),p(lviz)) |h (xt)

l,
I o T
t=1

S S
i o (S i i S (i)

p{(dyia)EN? :1<d<l,1<iq<sq }—{ (t.5) ENL1<t<V,1<je<ri };
be=#({(t.30) ENL:1<je<re }\ Im p) V1<t<l/

I 3 o (1)

t=1 k=0

't 8' (Eillzl O(tae),p(15i1) ’Zz‘ll:1 6(t,qt),p(l,il)> |h (xt)

S S
=1 Ox (Zi11=1 O(t,a).p(1,i1) ’Ziz=1 6(t,qt),p(l,il))

pi{(dyia) ENZ :1<d<1,1<ig<sq }—{ (t.5¢) ENZ:1<t<V 1<y <re |5
br=#({(t.j0) ENL:1<je<re }\ Im p) V1<t<l/

S [pZan f[ (Z’i)

0<ky <by V1<t<l/ t=1

S S
oo a‘ (Zz‘llzl O(t,q0),p(1,i1)5 ’Zillzl J(t,qt),p(lﬂ'z)) Ih (-Tt)

Sl Sl
t=1q:=1 ox (Zilzl 6(t7Qt>’P(17i1)’.” 7211[:1 é(t,qt),p(l,il))

l/
p{(dyia)EN? :1<d<I1<iq<sg p—{ (t.je) ENT1<t<l 1< <y 5 =1 @e=1
Im p={(t.je) EN:1<t<V/, 1<, <re }

Tt

S Sl
8' (Zillzl 5(t,qt)7p(1wi1)"" ’Zilzl 6(t,qt),p(l,il))|h (ﬂft)

s Sl
ox (Zillzl é(t,%)ﬁp(l,il) v ’Zilzl 5(t,qt),p(l,il)>

In particular, when

[R| > [S] >0,
we have (h)vgg)) = 0.
Therefore the proof is complete. q.e.d.

From the latter part of this section, we obtain the exact expression of

(h)'ygg)) in Theorem 2.4, which is the third calculation method.
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Theorem 2.4. For the C-algebra homomorphism h:C [[z']] = C [[x]],
R:=(ri,re, - ,1p) € N, S e N and |R| > 0, we have

(h) (R) Z
V(s =
I
Y1 Yooy aW(a)=5;
a(V(g;)EN! V1<i<l W1<q; <ry, if ri>0;
|a® (g;)|>0,V1<i<l/ V1<q;<ry, if 7:>0

U

H T 000 ()

U (®)
[T Z 1a(t) (@) g 0wl

In particular, when S = (0,0,---,0), we have (h)vgg)) =0.

Proof. 1t follows immediately from Theorem 2.10. q.e.d.
Remark 2.5. From Definition 1.16, Theorems 2.3 and 2.4, we have

obtained three methods to calculate the new definition (h)'ygg)) . Namely,
the calculation by the inclusion-exclusion principle, the calculation by
p and the calculation by the exact expression.

In the next three subsections, we will develop three different branches
by the three methods respectively.

2.3. Applications for the calculation of (h)'ygg)) by the inclusion-

. o . . R . .
exclusion principle. The calculation of (h)’yg S)) by the inclusion-exclu-
sion principle is useful mainly in studying the partial derivative proper-

ties of (h)yg)) by the Leibniz rule, since the formula does not include new
concepts and is easy to calculate derivatives. To describe the relation-
ships in swapping the order between homomorphisms and derivatives in
Corollary 2.8 is the main goal in this subsection, which ultimately con-
tributes to the construction of the equation of matrices in Theorem A.

We first introduce a result, which is fundamental in this subsection.

Theorem 2.6. For the C-algebra homomorphism h:C [[2']] = C [[x]],

R = (ri,rg, -+ ,1p) € N and S € N', we have
(h)~(8)
M _ (B
al’j - 7(54’(517%62,]’""»5l,j))

l/
— . (h) (1,0:02,1, 00 ;) . (M) (R—=(81,:02,6,+ 6y ;))
Z} <7’1 7(51,]',52,3'7"'7514) Y(s)
1=
for 1 < j <1 under Definition 1.16.

Proof. Assume that S := (s1,59,---,5;) € N..
The equation is obvious when |R| = 0 by Definition 1.16. We discuss
the |R| > 1 case.
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0
Acting T on both sides of the equation

Tj

1=1

K=(k1 ko, k1 )ENV;
K<R

l/
o (h) (81,002,570 ) .
( Z ( (kz 7(517#527]-’... ’5l,].) H

1<t<l’ satisfying kt>0; ¢

xS

)

+h ((a)

>

K=(k1,ka, ky)eN';

K<R

(h) (01820
((kZ 7(614’524‘7---

8:12S+(51"7’52’j"“ 1,5)

1<t<l’ satisfying kt>0; ¢

()
(h <xt>>’“f5m)

SR}

L)

1<i<l’ satisfying k;>1

Z;? ' H (h (fﬁt))kté”t)

oxS

| als| (h ((w’)R_K)) )] n (%u;)

l/

=1 K=k ki, Ky
5.

()

) » {(1)K _ @) - 0y

( i,1,04,2, @',V)SKSR

(0 ()

( +(51,j752,j7“‘ 75l,j))

(61,0,02,i, 751/,1-)'
(61,5025, 751,]')

(h) (B
axS ]+ 7(5-&-(517]‘7527]',-",617

247
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l/

= 2.

=1 K= (ki kg, k) EN
K<R—(8:,1,0i,2,+ 0, 11)

R (616,026, ,0y7 ;)
_IEFL (ki +1) - (h) 802, Vi),
(=1 K+ (61,052, ,0ip) (ki +1) V(81,5025 015)

aIS! (1 ((2)R K~ (ndizrdip)
h((m,)K) ( ( 9z >)

(h) . (R)
+ T(5+(61,5:82,5.+01,5))

— (),
T (S (61,5825 005))

l/
_ (R (51,2'752,1‘,-“,51/77;) (h) (R*(51,i752,¢,"-,51/71-))
Z (” V(6158050 005)  (S) '
=1
Therefore the proof is complete. q.e.d.

With this result, we can study the derivatives of the composite func-
tions.

Theorem 2.7. For G € C[[2']] and the C-algebra homomorphism
h:C[lz']] = C[[x]] and S € N satisfying |S| > 1, we have

S llidle:
5h(G) > (n 2@\ (), (W)
xS w! ()
WeN';
1<|WI<IS|

under Definition 1.16.

Proof. When |S| = 1, it is clear that for any 1 < j < [ and S =
(01,5,02,4,- -+ ,01), the formula holds.

Assume that the formula still holds for any 1 < |S| < sp — 1 where
so € Ny and sg > 2. We prove that the formula also holds for the
|S| = so case.

When |S| = sp, there exists some 1 < j < [ such that the j-th
component of S is no less than 1. By Theorems 2.3 and 2.6, it follows
that

9 al5I-1p(@)
alsly (G) 95— (51,5202, .01.5)

ox® oz
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(i)

_ Oz; . (R)
- Z w! V(5= (81.5.02.5501,5) )
WenN;
1<|W|<s0—1
alvlg (hy~ W)
ap 2@ ) 8( 7(5—(51,%52&7'"v%‘)))
w! Ox;j
olWl+1g

l/
- ¥ N S
B w!
=1 went
1<|W<so—1

(h), (Brisb2.6 80 5) () (W)
(61,5:02,5,01,5) V(S—(51,j,52,jv“‘751’3'))

g
oz
D SR
w!
W=(w1,w27'",wu)€Nll;
1<|W<Ls0—1

01,5,02,5, 76l,j) 7(5—(51,3'752,]',"' ﬁz,j))

w v 61,4,02,4, ,0 W—(01,:,02,4," ,6,
C%w_zww%mmmmmm(%mmwmv
=1

Wi+l
l/
h P s CRECRESECRY
=2 X T
= went
1<|W|<so—1

(h) (61,1‘752,%"'751’,1') . (h) (W)
'7(51,j,52,j,~~.75l,j) 7(‘9_(5173'7627]'""’él’j))

% avla
_ Z Z h )"
i=1 WENZ,' (W - (61,i7 6272'7 Tt )5l’,i))!
1<|W[<so—1;
w; >1

() ((51,i752,i,--~,(5l/,i) (h) (W—((Slm(sgﬂ.,...751,’1,))

7(51,3'752,]',"' ,51,]') 7(5—(51,]',52,3'7'" 75l,j))
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(%er%) )
(') h), (W
X | e
wen!';
1<|W<s0—1
oIWl+1g

’
_ El E h 8(m/)W+(517i’52,i"" 5y i)
- w!
=1 wen;
[W<sp—1

(h) (61,i162,i7"'76l’,i) . (h) (W)
'7(51,1',52,]',"-,51,1) ’Y(S*(‘;l,jﬁ?vj""’él’j))

oW+l
/
El E h 8(m/)W+(517i’52,i"“ S15)
- |
P ’ w!
WeN";
[W|<so—2

(h) (617i,52,i,"'>51/,i) (k) (W)
(615,82, 61,5 ,Y(S_(‘Slyjﬁ?;j"“’61’7'))

W]
Y M . (h) <g>

Wi n
WeN;
1<|W|<s0—1
oIWl+1g
!
—lZ > h D)V (PLida,idy ;)
- |
i=1 4 W
WeN';
|W|:so—1

(h) (51,1'752,1',"',51/,1') . (h) (W)
(G102 005) (5= (g2 005)

(2256)

o(x’) Ry (W)
o s M
WeN;

1<|W<sp—1

l/

=1 Y= (wy wa,r wy )EN';
[W=s0;
w;>1
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- (25)
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ws -

(h)ry(51,i,52,i7"'751/7,~) (h) (W= (81,102, 0y ;)
(514,52,3'7"'751,;‘)

(5—(81,5:02,5,01,7)) >
h(@mﬁ)
o) ) (n), W)
+ > i - W)
WeN';
I<|W|<so—1

2.

’
W=(w1,wa, - wy )EN";

\W\ism

w; >1

h ( Wlag ) G
oz )W Z w. - P (51,1',52,1‘,' O0r3) (k) (W_(51,i752,i7“'751/72>)
w! P ! (81,5.02,5,+,01,5)

7(5—(51,3'752,]'"" ’5l,j)) )
h(2%e
N Z M

>Am<W>
|
WeN!; W

V(s)
1<|W|<sp—1
alwvlag aWlag
~ (&) ) h(ga)
- Z wr e Z Wl
WeN!, W=(w1,wa, wy )EN;
1<|W<s0 |Wl=s0;
wi;>1
W) — :
CMWS —§:<wf
=1

(h)7(61,i,52,¢,' 0ua) (hy (W—(616.02,0, 8 ;)
(611j’62»jv"' :5l,j)

7(5—(61,j,62,j,-~:751,;')5 ))
B (9
—

B(w/)W) (), W)
W ()
WeN;
1<|W<so

h ( a\W/\g:V) 9 ((h),y(W)
Z o(z’)

(5—(51,j,52,j7"' 751,]')))
, W' 8.’Ej
W=(w1,w2, - ,wy )EN";
|W|=s0;
w;>1
sllidle;
_ o)W (h) (W)
= > || P
WeN!,
1<|W<s0

We’ve completed the proof of the formula for the |S| = sg case.
Therefore, we complete the proof.

q.e.d.
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We may transform the formula in Theorem 2.7 slightly to cater for the
proof of Theorem A.

Corollary 2.8. For G € C|[z]] and the C-algebra homomorphism
h:Cl[lz']] = C[[z]], S € N', we have

Wi
9% (G) _ b g(cZV’)VGV (h) (W)
525 = 2 |
WeN;
[WI<|S|

under Definition 1.16.

Proof. The |S| = 0 case is obvious. For the |S| > 1 case, we know

(h)’yg)o,m,o) = 0 by Definition 1.16. By Theorem 2.7, the proof is com-

plete. q.e.d.

2.4. Applications for the calculation of (h)'ygg)) by p. Generally

speaking, the calculation of (h)’ygg)) by p is useful in decomposing

(h)'ygg))’s with larger |R| and |S| into those with smaller |R| and |S|.

The main result in this subsection is Theorem 2.10.

Theorem 2.9. For the C-algebra homomorphism h:C [[z']] — C [[z]],
ReZ!', SeZ and I € N satisfying I < R, we have

(R) I (R-1)

(h)’Y(S) _ Z (h)’Y(J) ‘ (h)’Y(S—J)

S! e J! (S —J)!
J<S

Proof. We only need to verify the case when R € N', § e N/, |R| > 0
and |S| > 0 are satisfied at the same time.

Assume that R := (ri,7r9, -+ ,1p) € 7V, S = (51,89, - ,8) € Z! and
I= (im,im),... 741’)) e N

For the |I| = 0 case and the |I| = |R| case, the equation holds by

Definition 1.16.
We consider the 0 < || < |R| case. From Theorem 2.3, we obtain

(R)
(h)V(s)

l/ Tt
p{(dyia)EN? :1<d<I1<iq<sg p—={ (t.5r) ENZ 1<t<U 1<, <y 5 =1 @e=1

Im p={ (t,j:) EN? 1<t <V 1<je<r }

S S
(9' (Zhl:l Ot,a1),p(1501)7"" ’Zizl:l 6(%%)#(1»1’1)) ‘h (

SL’t)

S1 Sl
ox (Zilzl S(t.a).p(1,i1)y ™" D0 =1 6(t,qt),p(l,il)>
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2.

p:{(d,ig) EN? :11<d<1,1<ig<sq }—{ (t,5:) ENZ A<t<U 1<y <ry }5
Im p={(t,j:)EN2:1<t<I/,1<ji<r: }

253

. S S
Ui |<Ei11:1 5(t,qt)7ﬂ(1,i1>"“ 721‘;:1 5(t,qt),p(l,il)) |h (xt)

S S
t=1q:=1 ox (qu:l S(tiap).p(1ig) vzz'll=1 5(t,qt),p(l,il))

S El
v (S S i st (2)
II 11 . —
t=1g=iV41  Ox (Z¢1:1 O(t.ar) p(1i1)> ’Zizzl 6(t7qt),p(l7il))

D

J:(j(1)7j(2)7,_ ,j(l))eNl;
[I<[JI<|S|—|RI+|1];
J<S
p{(dyia)EN? :1<d<l,1<iq<sq }—{ (t.5) ENL:1<t<V,1<je<rt };

Im p={(t,j1)ENZ:1<t<l' 1<j5;<r¢ };
#({(d1),(d,2), ,(dy5a) }Np ™ ({ (.50) ENT 1 <<l 1< <i (D } ) ) =5(D) W1<d<i

. S S
v 3' (Zﬁl:l O(t,ar),p(1,1) ’Zizl=1 5(75»‘1t)!/’(lvil))|h (

l‘t)

S1 Sl
=l O <Zi1:1 O(t.a) p(L,i1)y ™" 1D =1 5(,5,%),,)(1,1-1))

bl (Zifﬂ 8(ta) (L) 2y =1 6(t,qt),p(l,il)) ' (
II 11 a0
t=1g=i41 Ox (Zi1:1 O(t,q0),p(1,i1) 7Eil:1 (t,qt),p(l,il)>

< 3 )
Z 1. (S —J)!
T=(30 5@, jO)eN, T (§=J)

HI<|JI<IS|=|RI+|1];
J<S

xt)

>

P :{(d,iq)eN? :1<d<l,1<ig<j (D }—{ (£.5:)ENZ 1<t <1< <i®) }5
Im p(W={(t,j;)EN? 1<t <1<, <i®) }

10 W
i@ |(ZJ- 10 PPN B RS (. )|
H 11_[ o i1=1(t,q4),p(1) (1,51) 0=1t,q),0(1 (1,37) h(xt)
i(1) (1)
J j
t=1¢q:=1 am(zhil 5(tﬁqt)vp<1)<1qi1)’m )

24 =1 5<t,qt>,p(1>(z,n)
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>

p@:{(d,iq) EN2 :1<d<L1<ig<sg—f (D Y+ { (8,50) EN2 1<t <V 1<y <ry—i® )5
Im p®)={(t,50) N :1<t<l',1<js <ry—i® }

—;m 10)
s1—J NS
vVor—i® ‘(Z‘ =1 Ot 0@ (g D =1 5<z,qt),p<2>(z,n))h(ggt)

1

[T 11 @ 0
s1—J NS
am(z 0 ’le:l d(t,qt%p(z)(l,il))

t=1 ¢:=1 i1=1 %(t,q0),0(2) (1,i1)’

D (w)
vy v
=St D J (S =)

JEN!
I<ITISIS|=|RI+|1];
J<S

(I) (R-1)
sy (Do, M
' 7 (5=

JeN!;
J<S

Therefore the proof is complete. q.e.d.

Theorem 2.10. Assume that n € Ni. For the C-algebra homomor-
phism h : C[[2']] = C[[x]], J € N and I,11,I5,--- , I, € NV satisfying
I=5%" I we have

1

N Z HJ!

JieN!, V1<t<n i=1
thl Ji=

under Definition 1.16.

Proof. When n = 1, the theorem holds.
Assume that the theorem holds for all 1 < n < ng — 1 where ng > 2.

We have
no—1 (h)’y(ll)

(h) D)
) _ (1)
J Z H J/
JIEN V1<t<ng—1; =1 v
”0 1 Jt J

no 1
It

for any I7,I5,--- , I, _; € N satisfying that I =
,Ino e N satisfying

We prove the n = ng case. For any Iy, o, -
that I =Y /0 I, for 1 <t <mng — 1, we define
/ _{ It/, t'#ng—l

¢ In0,1 +In0, ' =ng—1"



HIGHER ORDER JACOBIAN MATRIX THEORY 255
By the previous assumption and Theorem 2.9, we have

17)
ONY no—1 (h)'y( i

) _ (1)
J Z H J!!

JJeEN! V1<t<ng—1; =1
-1
23:01 Ji=J

- >

J/eN! V1<t<ng—1;

N
) (lng) . (1)
no—2 (7 ( i (h) 0 (h) 0
1l HCARE 3 Tng1) (o)
J!! Tng—1! I !
=1 ! Ing—1:ng €N'; 0 0
Jn071+Jn0=J;L0_1
JieN! V1<t<ng—2;
S0 s
. In —1) (In )
no—2 (). (1) () {Ino=1)  (n)., (I
0= (M) 73 ' Z Y Jng—1) . V(g
. Ji! Tng—1! Ing!
i=1 JTLOfl)JTLOENl; 0 0
Tng—1+Ing=I =310 % Iy
no (h) (]l)
- X I
Jil
JENLV1<t<ng; i=1 7"
2?21 Ji=J
Therefore, we complete the proof. q.e.d.

2.5. Applications for the calculation of (h)'yg‘)) by the exact ex-
pression. The calculation of (h)’ygg)) by p is useful mainly in revealing

the chain rule when A in (h)'ygg)) is the composite of two components.
The main result in this subsection is Theorem 2.11.

Theorem 2.11. For the C-algebra homomorphism h : C[[z']] —
Cllz]] and g : C[[x"]] = C[[z']], I € N and J € N, we have

hog) . (1) ) n)  (K)
( 9)7(J) _ Z . (Q)W(K) . ( )V(J)
J! K! J!
KeN',
[1I<|KI<]J]

under Definition 1.16.
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Proof. When |I| = |J| = 0, both sides of the equation are 1 by
Definition 1.16. When || = 0 and |J| > 0, both sides of the equation
are 0 by Definition 1.16. When |I| > |J| > 0, both sides of the equation
are 0 by Theorem 2.3.

Assume [ = (iu),i@), S ,iw) €N and J = (jV,j®,... j0) e
N

We counsider the |J| > |I| > 0 case. By Theorems 2.3, 2.4, 2.7 and
2.10, we have

a(t)
(hog) (I) 1 Z(t) %
& — Z H H 920 (ar)
7! =
a(r)(QT)GNZ7V1§r§l//7lgqrgi(r); t=1g,=1 a (Qt)
‘a(A)(Q1)‘>0 V1<r<l” 1<Qr<i(r);
"
X —1‘1(”(%) J

1 ,L(t

= 2 1111

a") (g)eN, V1<r<1”,1<q, <i("); t=1 q¢=1
la(®(g:)|>0,v1<r<1",1<q, <i(";

" -(r)
S Y e (a)=J

916 @)l g(z,) m (6@ (qr))

) () el

b0 (q)!  al(g)!

b®) (q)eN’'; (@) —
0<[6M) (gr)[<|al)(qr)|

b(t)
v h ol (qt)\g(mt)
> 1)
B b (g)!
b (gr) N W1<r<1” V1<q, <i(); t=la=1 ()
0<[b( (gr)|<[J|V1<r <1 W1<g, <i(")

O (b(t)(qt))
)3 1] oo
a(t)
a") (gr)eN  W1<r<l” v1<g,<i("); t=1 qt=1 (a)"
" (1)
Zi 121 1a(r)(QT)

- ¥

b (gr) N W1<r<I W1<q, <i(");
|6() (g,)|>0,V1<r<1" W1<gq,<i(™);

" +(r) »
DD S IS IESF
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i h(a"’“”“”“ﬂ) (h) (Zil Sy bm(qt))
v

IT11 ()P a0) (J)

ML o0 7

= 2 2

KeN': b (g )eN W1<r<l ¥1<g,<i(");
IKISITL 607 ()| >0,v1<r<1" V1< g, <i(");

l//

4(t)
D=1 th:1 b (g1)=K

Y a1t @)l g ()
it h(a(w,)bm(m (1) (5
1111 b (g)! T

t=1q:=1

KENZ/;
HI<|K|<]J]

(t)
[ ZC) h(albwt)g(xt)> (h)’y(K)

10 (q1)
) [T —

b (g,)! !

b(") (q)eN! W1<r<l” V1<g, <i(); (=1 @e=1 (@)

16 (gr)|>0,¥1<r<1" V1< g, <i(");

" i(t)
L t=1 a=1 b™ (q)=K |
) R, (K)
= 2 h ) | My
K! J!
KENZ/;
HI<|K|<]J|
Therefore, we complete the proof. q.e.d.

2.6. Proof of Theorems A and B. In this subsection, we will prove
Theorems A and B, stating the chain rule in matrix forms.

Proof of Theorem A. By Definition 1.16, Corollary 2.8 and Theorems
2.3 and 2.9, for any I; € N, 0 < |I1] <n, I € Nl and 0 < || < n, we
have

h (78“3”1'0 ) (h)13)

Z o(a)s~ ) (1)
, (Is —L)! 15!
IgGNl H
|I3|<|I2];

13>
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olls—hlg (I1) (Is—I7)
= > > <a(m')13_11) ™y - M)
- - ! ’ |. _ |
IseN'; LieNy (Is — I)! L) (I — 1y)!
|I3|<|I|; 1a<I2

I3>1
I oWl \ . (h), (W)
= > > Wi h(@(w')w> RRUUSTD
= A W' (I, — I)!
I4eN; WeN, ! - Y
[La|>|11]s (W< |Ia|—| 11|
14<I

I oWla \  (h), W)
oy oy (Ml Ge)
= I W (I — I)!

I,€NG WeN';
Hal2 I ls |W|<|Ia]—| 1|
14<I

()10 92~ lIn(G)

_ Z (1)  ~oal2=la
14! Is — Iy)!
Lent; 4 (I — 1)
[ 14> 1115
14<I>
Therefore, the matrix equation holds. q.e.d.

Proof of Theorem B. This is a direct consequence from Theorem 2.11.
q.e.d.

2.7. Proof of Theorem C. In this subsection, we prove Theorem C,
stating the Leibniz rule in matrix form.

Lemma 2.12. Let G € C[[z]], u € C[[z]] and C € N'. We have

oIl (u - G) B c\ oFly 9lC-Eg
oxC - Z R) 9xR  HxC-R |-
ReN,
0<R<C

Proof. We use mathematical induction for C' € N/,

When |C| = 0, the equation is trivial.

For ¢y € Ny, we assume that the equation holds for all cases satisfying
0 <|C] < ¢y — 1. Consider any case satisfying |C| = ¢p.

Since ¢y > 1, there exists some 1 < ¢y < [ satisfying ¢, > 1. By
assumption, we obtain that

a\C—((Sl,tO,(SZ,tO,"' 75l,t0)‘ (U . G) Z

C—(91,tq,02,t0 01, -
ox ( 0 0 0) ReN!;

0<RZC— (81,1902, 0Lt )
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c—(s 5 Y —R
C — (01,895 02,805 " "+ > O to) ORIy, 9IC—(d149:02,00, Oueg )~ Rl
i W GO RO

Acting % on both sides of the equation, we get
0

% (w-G)
oxC
= Z C - (51,1507 52,1507 T 75l,t0)
B R

ReNE;
0<RSC—(61,10,02,10 01,1, )

a\R+(51,t0 102,05 ,5z,t0)|u 9IC— (61,1002, 75z,t0)—R|G

‘8wR+(51,t0762,t01"'7§l,t0) ' 8:130—(51,150,52,%7'"75z,t0)—R

+ >
ReN!;
OSRSC—((sl,tO 302,805 ,5z,t0)

(C — (81195 02,20, "+ - 75“0)) ' oIy, ' 9lC—Rl

R oxR  OxC-R

ReNY;
(81,10:02,t9 01,4 ) SR<C

C — (01,0, 02,105~ » O1,to) ' OIEly, ' 9IC—Rl
R— (6171507 5271507 e 75l,t0) 8{BR a.’I,‘C_R

+ >
ReN!;
OSRSC—(51,t0 302,805 ,5z,t0)

C = (01,105 02,80, 5 01t0) ) . olFly ' 9IC-RI
R 8{BR aa‘;C—R

D> I

Tt (Ct — T¢):
0<ri<es V1<i<lito | \1<t<lt#ty (cr =)

ctg—1

(Cto - 1)! (Cto - 1)!
Z <(7”t0—1)!'(0t0—7°t0)! +rt0!'<cto_rto_1>!>

T‘tOZI

al(rlvrzv“'vrl)lu a‘c_(TLTQv'“vTZ)IG

.am(rl,TQ,'“,T‘l) ' 8%07(’,‘177‘27"'7,’“1)
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<a|(7"’1ﬂ”’2v“'”’3)|u aC—(ri,ré7...,r2)|G>
_l’_

am(r’l,r’z,m,rf) amC—(r’l,r’Q,m,rZ) r/_{CtO, t=tg

T e, 1<t<l and t#to

<8(T£,7J2)""T2)|u alc—('f'/l,’f'é,"',’f'{)G)
_|_

aw(rllvrlzv"' 7T2) ' 8:150—(7‘/177'57--. 77«{)

’ { 0, t=to
T,.,=
t re, 1<t<l and t#tg

. Moo
0<r;<e;, V1<i<l, it 1<t<l,t#to il (Ct B Tt)!

cto—1 Cto! Qlrirzsmilly,  gle=(ruramlg

r§=:1 (Tto! . (Cto - T'to)! . O (r1:r2,5r1) ‘ QxC=(rirz,wm) )

(a'(riyréf"zrll)|u ac(riaré""»rz)|G>
_|_ .

, t=to

(r’ rh,- r’) C*(T’ 7l 7“') Ct
1721 r2 i = 0’
ox ox Tt=Y e, 1<E<l and t£to

! 0, t=to
ri=
t re, 1<t<l and t#tg

c\ ol ol¢-Rlg
- Z <R> 9xE T 9xC-R |-
ReN!;
0<R<C

<30$éwwmu 3w—0w@mw)g>
+

am(r/lvrév"’ 77"2) ' 8mc_(rl17ré7“‘ 7#)

The formula still holds when |C| = ¢y. Therefore, the formula holds for
any C € N case and we complete the proof. q.e.d.

Proof of Theorem C. By Lemma 2.12, for any I, I, € N’ satisfying I >
I, we have

all2—1l(y.G) olls—Iily,  glla—I3lg
oxfa—h Z oxfs~h  dxl2—13 )
(I — I)! <@—AM(Q—MJ

IgGNl;
I <I3<I>

We also note that for any I, I, € N not satisfying I» > I;, we have
AlIz—1I1ly, oll2—131q

Z oxfs—hh  9xl2—I3 —0
(Is—N)! (12— I3)!

IgENl;
11 <I3<Is

Therefore, the matrix equation holds. q.e.d.
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3. Proof of Theorems D and E

Proof of Theorem D. Consider the F' € C[[x]] case first. Consider h €
Aut (C[[z]]) and u € (C[[x]])" in the following part of the proof.
Proof of (2): From Theorem B, we know that

I = ATJacy, (id) = h (ATJac, (h™')) - ATJacy, (h).
It follows from Theorem A that
h (QJac,,(F)) - ATJac, (h) = ATJac, (h) - QJac,, (h (F)).
Therefore,
QJac, (h (F)) = h (ATJac,(h™")) - h (QJac, (F)) - ATJac, (h).
From Theorem C, we know that
QJac, (u-h(F)) = QJac,, (u) - QJac,, (h(F)).
Therefore,
QJac, (u-h(F))
= QJac, (u) - h (ATJac,(h™1)) - h (QJac, (F)) - ATJac, (h).

By the Cauchy-Binet Formula, we get

(j,&’ﬂ)' (u-h(F)) Ch <<J7§’“))/ (F)) .
On the other hand, we have
(78 (" )y - h e (F)) € A ((z&‘“)' (u-h (F))> ,
) p((7) ) < (79 - h ).

Therefore, we get

(79 ey = (79) )

and complete the proof of (2).
Proof of (1): From

B (F), T (- b (F)) = (- b (F). (59) - h (F))
=) ((a0) (0))) = (1.7 (7).

we complete the proof of (1). By the same token, the statements in the
F € C{ax} case can be proven. q.e.d.
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Proof of Theorem E. Consider the F' € C|[[x]] case first. F can be
treated as the C-algebra homomorphism

F': Cl[z]] = Cl=]]

by letting F' (x1) := F.
Proof of (1):
We have

TJacy, (ho F') = h (TJac,(F")) - TJac, (h).
By the Cauchy-Binet Formula, we get
TIPW(F) < b (TTPF)).
On the other hand, we have
TIOE () < 7 (TTP M (F)),
i.e.
n(TTPE)) < TTW (R (F)).
Therefore, we get
TIVR(F) =h (TIP(F))
and complete the proof of (1).
Proof of (2): Simply by replacing TJac,, and Tj%’“) in “Proof of (1)”
by ATJac, and AT J (k) respectively.

By the same token, the statements in the ' € C{x} case can be
proven. q.e.d.

4. Examples
In this section, for F' € C{x1,z2} and i1,i2--- ,is € {1,2}, we define

o O°F
o 6xi18xi2 cee 8.%'2'3

Ei i i
for simplicity.
4.1. Examples of Jac, (F')’s and QJac,, (F)’s.

Example 4.1. For F' € C{x}, we have Jac; (F) = Jac (F).

Example 4.2. For F € C{xy, 22}, we have

JaCQ(F): F 0 R Fy 0

0o F O J T 2

)
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PR R 5 R, 52

0O F 0 F K 0

0o 0 F 0 P

Jac, (F) =

QJac, (F) 0 0 0 F 0 0

0O 0 O 0 F 0

0 0 0 0 0 F

Jacs (F)

(P F, iRy Fio 3Fp sFian 3Fiai2 3Fige
F 0 R By 0 5F11 Fipo 1Fh
o F 0 R P 0 i Fig
10 0 F 0 0 Fy Fy 0
0 0 0 F 0 0 Fy Fy

_0 0 0 0 F 0 0 Fy

and
QJacs (F) =

F F1 F» $Fi1 Fi2 $Fa2 iFiia1 3Fii2 $Fi22

0o F 0 Py Fy 0 Py, Fr2 1Fs0

0o 0 F 0 I Fy 0 1r, Fi 5

0 0 0 F 0 0 I Py 0

0 0 0 0 F 0 0 I Py

0 0 0 0 0 F 0 0 A

0 0 0 0 0 0 F 0 0

0 0 0 0 0 0 0 F 0

0 0 0 0 0 0 0 0 F

Lo 0 o 0 0 0 0 0 0

4.2. Examples of TJac, (h)’s and ATJac, (h)’s.

Example 4.3. For h € End (C{x}), we have

TJac; (h) = Jac (h)

and

ATJacy (h) = diag (1, Jac (h)) .

Example 4.4. For h € End (C{z1,z2}), we have

1 1
ORI ORI

) 5 A
W

TJaCQ (h) = 0 0 (hgl))
o o APRP

oo (
)

2h{)

B@

ATJacs (h) = diag (1, TJace (b)),

HoooJo

263
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and
TJacs (h)

Mo ) R(D) ) R(1)
hg ) hg ) 12’1 hg% 22’2 to be continued

(2) (2)

I3 h
h§2) h(22) L1 h§2% 22 to be continued
2 ’ 2
0 0 (hgl)) 2h§1)hél) (hgl)) to be continued
=1 o o APREB AR L R RIRP 6 be continued
2 2
0 0 (hg2)) 2h§2)hg2) (hg‘))) to be continued
0 0 0 0 0 to be continued
0 0 0 0 0 to be continued
0 0 0 0 0 to be continued
L O 0 0 0 0 to be continued
R(1) R(D)
continue 1’51’1 11,2 to be continued
) e
1,1,1 1,1,2

continue 3 5 to be continued
continue h(l%ihgl) hg%ih(zl) —+ 2h§1;h§1) to be continued
KD D s e B st

continue to be continued

2 2
continue hg?ih(f) hfi hgg) + 2h(12);h§2) to be continued
. 1)3 M)2,m i
continue (hl 2) 3<h1 ) hy to be continued
2
continue (hg”) hgg) h(ll)) hg2) + 2h(11)h(12)h;1) to be continued
2 2
continue hgl) <h§2)) <h§2) h(zl) -+ 2h§1)h§2)h;2) to be continued
k 2
continue <h§2)> 3(h§2)) hgm to be continued
(1) (1) T
h h
continue 12,2 2’62’2
e W®
continue 71’22’2 2‘62’2
continue hg%%hgl) + 2h§%;hgl) h(;;hgl)
1), (2 1), (2 2) (1 2), (1 1), (2 2), (1
omtine S I 2 a2
continue AR 4 2n(H Rl h$) R ,
’ 2 7/ ’ 3
continue 3 hél) hgl) (hél))
2 b
continue (n$) R + 20 RV R (n$?) ng?
2 2
continue D (r2) + 20 RS RS Y (n$?)
2 3
continue S(hg)) h(l2> (h(22>)

where for j,i1,ia- - ,is € {1,2} we define

R O (h(zy))

11,0 7i5 T axilaxiQ N awis
for simplicity.
4.3. Examples of Theorem D.

Example 4.5. For F € C{x1, 23}, we have:
(1) 7'2(2)(F) is C {x1, x2} modulo the ideal generated by F' and all the
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2 X 2 minors in

o o
Py o5 g 5T

F 0 R Iy 0|,
0 F 0 P

ie.
(FoFop, F1Fao, FaFi o, F\Fy 2, oy 1, F1 P11, Fo?, F1 Fy, Fy%).

/
(2) (7;(2)) (F) is C{x1,22} modulo the ideal generated by all the
2 X 2 minors in

F PR % Fi9 %-
0O F 0 K Fy 0
0O 0 F 0 Fy Fy
0o 0 O F 0 0|’
0O 0 O 0 F 0
000 0 0 F|

ie.
(FoFs 9, F1Fy 9, FFs9, FoF1 o, F1F1 2, FFy 9,
FyFy 1, FyFyy FFL, By FL S, FFy Py FFyLF?).

4.4. Examples of Theorem E.

Example 4.6. For F' € C{x1,x2}, we have:
!/
(1) (M§2)> (F) is C{x1,z2} modulo the ideal generated by all the
2 X 2 minors in
o Fy %Fl,l Fio %Fm
0 0 F2 o2mE, FZ|’
i.e.

(FP,FiFy, 2FFy, 2\ F3, FyFoFy g — FRFy o,

1 1
P Fy F3, §F22F1,1 — §F12F2,2,F22F1,2 — 1 FyFy o).

"
(2) (Mg)) (F) is C{x1,x2} modulo the ideal generated by all the

2 X 2 minors in

1 0 0 O 0 0

0 F1 Fy %Fl,l F172 %FQQ,Q )

0 0 0 F2 20K F;
i.e.
(F1,Fo, Fi1, Fi2,F5 ).
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