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Abstract

We initiate the study of the resolution of singularities properties of Nash blowups over fields of
prime characteristic. We prove that the iteration of normalized Nash blowups desingularizes
normal toric surfaces. We also introduce a prime characteristic version of the logarithmic
Jacobian ideal of a toric variety and prove that its blowup coincides with the Nash blowup
of the variety. As a consequence, the Nash blowup of a, not necessarily normal, toric variety
of arbitrary dimension in prime characteristic can be described combinatorially.
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Introduction

The Nash blowup of an algebraic variety is a modification that replaces singular points by
limits of tangent spaces. It has been proposed to solve singularities by iterating this blowup
[16, 20]. This question has been extensively studied [1, 2, 5, 6, 8-11, 13, 14, 16, 19, 21].
Until recently, the resolution properties of Nash blowups have been studied only over fields
of characteristic zero. This is due to a well-known example given by A. Nobile that shows that
the Nash blowup could be trivial in prime characteristic [16]. It was recently shown that Nash
blowups behave as expected in prime characteristic after adding the condition of normality
[7]. Hence, the original question regarding Nash blowups and resolution of singularities can
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be reconsidered in arbitrary characteristic by iterating normalized Nash blowups. We stress
that the condition of normality is frequently assumed for many results also in characteristic
zero. For instance, M. Spivakovsky showed that the iteration of normalized Nash blowups
gives a resolution of singularities for complex surfaces [21].

In this paper we initiate the study of the resolution properties of normalized Nash blowups
in prime characteristic. We study this question in the context of toric varieties.

Our first goal in this paper is to describe combinatorially the Nash blowup of a not
necessarily normal toric variety of arbitrary dimension over fields of prime characteristic.
In characteristic zero, the key ingredient for such a description is given by the so-called
logarithmic Jacobian ideal, which was originally introduced by Gonzdlez-Sprinberg [8].
This is a monomial ideal determined by linear relations on the generators of the semigroup of
the toric variety. Gonzalez-Sprinberg showed that the Nash blowup of a normal toric variety
is isomorphic to the blowup of its logarithmic Jacobian ideal. This result was later revisited
and generalized by several authors. For instance, M. Lejeune-Jalabert and A. Reguera gave
a new proof of this result [15]. In addition, P. Gonzédlez and B. Teissier extended this result
for not necessarily normal toric varieties [11].

It is worth mentioning that the isomorphism between Nash blowups of toric varieties and
the blowup of their logarithmic Jacobian ideal does not hold over fields of prime characteristic
(see Example 1.5). In this paper we define a positive characteristic version of the logarithmic
Jacobian ideal (see Definition 1.6) that allows us to extend the known result in characteristic
zero to prime characteristic.

Theorem A (Theorem 1.9) The Nash blowup of a toric variety over a field of characteristic
p > 0 is isomorphic to the blowup of its logarithmic Jacobian ideal modulo p.

Combining Theorem A with previous work by Goénzalez-Teissier [11], one obtains a
combinatorial description of the Nash blowup in prime characteristic. We specialize this
description to dimension two to obtain our second main theorem.

Theorem B (Theorem 2.5) The iteration of normalized Nash blowups desingularizes normal
toric surfaces over fields of prime characteristic.

G. Gonzélez-Sprinberg proved the characteristic-zero version of Theorem B [8]. An impor-
tant step in his proof consists in showing that the normalized Nash blowup of a normal toric
surface is determined by a subdivision of the cone defining the surface. The key step to
prove Theorem B is to show that this subdivision is actually the same in prime characteristic.
As a consequence, it is equivalent to solve normal toric surfaces iterating normalized Nash
blowups in zero or prime characteristic. Once this is shown, the rest of the proof of Theorem
B follows the work of Gonzélez-Sprinberg.

As mentioned before, the combinatorics of normalized Nash blowups of toric surfaces are
independent of the characteristic. One may ask whether this is true for higher dimensions.
We conclude this paper by exhibiting an example of a toric variety of dimension three whose
Nash blowup behaves differently in characteristic zero and two. In particular, the normalized
Nash blowup of this variety is nonsingular in characteristic zero but singular in characteristic
two. A further iteration of normalized Nash blowup gives a nonsingular variety in this case.

Convention 0.1 Throughout this manuscript K denotes an algebraically closed field.
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1 Nash blowups of toric varieties

We are interested in studying the Nash blowup of a toric variety over fields of prime charac-
teristic. We first recall some classical results of the characteristic zero case.

Definition 1.1 Let K be an algebraically closed field of arbitrary characteristic. Let X € K"
be an equidimensional algebraic variety of dimension d. Consider the Gauss map:

G : X\ Sing(X) — Gr(d, n)
x> T X,

where Gr(d, n) is the Grassmanian of d-dimensional vector spaces in K", and 7, X is the
tangent space to X at x. Denote by X™* the Zariski closure of the graph of G. Call v the
restriction to X™* of the projection of X x Gr(d, n) to X. The pair (X*, v) is called the Nash
blowup of X.

Definition 1.2 ([4, 22]) Let " C 74 be a semigroup generated by {y1, ..., y,}. Consider
the K-algebra homomorphism 7 : K[xq, ..., x,] — K[t]i, e, t;lt], x; — tYi. Let Ip =
ker rr. The variety X = V(Ir) € K" is called the toric variety defined by I". We denote
as K[7'] the coordinate ring of Xr.

The first step towards a combinatorial description of Nash blowups of toric varieties
in characteristic zero is given by the so-called logarithmic Jacobian ideal. This ideal was
originally introduced by G. Gonzélez-Sprinberg [8, Section 2], and later revisited by several
authors [3, 11, 15].

Definition 1.3 Suppose that char(K) = 0. Let ' = (1, ..., yu)n € Z¢ be a semigroup
such that (y1, ..., yu)z = 74 . Consider the following ideal:

Jo = (" | det(yy, - yi,) #0, 1 <iy <o <iag < n) SK[').
The ideal Jy is called the logarithmic Jacobian ideal of Xr.

Theorem 1.4 ([8, 11, 15]) Suppose that char(K) = 0. The Nash blowup of Xt is isomorphic
to the blowup of its logarithmic Jacobian ideal.

The previous theorem is false over fields of prime characteristic.

Example 1.5 Suppose that char(K) = 2, ' = (2,3)y, and Xr = V(x? —y?). Then
Bl(ﬂ,ﬁ) Xr is nonsingular but X{ = Xr [16, Example 1].

Our first goal is to give the positive characteristic version of Theorem 1.4.

Definition 1.6 Suppose that char(K) = p > 0.LetT" = (y1, ..., ¥u)n € Z¢ be a semigroup
such that (1, ..., y,)z = Z%. Consider the following ideal:

Tp = (0T M| det(y, - vig) #O0mod p, 1 < iy < -+ < ig <n) K[,
The ideal J), is called the logarithmic Jacobian ideal modulo p of Xr.

Example 1.7 LetT" = (2,3)y € N. Then 75 = (13), 75 = (t?),and 7, = (1%, 13),for p =0
and p > 5.
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We now present a property of short exact sequence of matrices. In fact, there is a more
general version of this property in the context of realizable matroids, which is known as Gale
duality [18, Theorem 2.2.8]. We give the proof of this property for the sake of completeness.

Lemma 1.8 Let

B A

0 K¢ K" K4 0.

be a short exact sequence of vector spaces over K. Let K C [n] = {1,...,n}, |[K| = c.
Denote as Bk the matrix formed by the rows of B corresponding to K. Similarly, denote as
Ak the matrix formed by the columns of A corresponding to [n] \ K. Then

det By #0 & detA[n]\K #0.

Proof Without loss of generality we assume K = {d + 1, ..., n}. Denote D = [n] \ K.
Assume that det(Ap) # 0. Let u € K€. Since multiplication by B” is surjective, there

exists (wo) such that BT (w()) = ngo + Blzvo = u. Since det(Ag) = det(Ap) # 0,
v v

T
there exists 7 € K9 suchthatA{)z = wo.Letv = vg—Aiz.Thus, (S) = (wo)—<ADZ) =

) A;z
w
( 0) — AT 7. Hence,
vo

sk ()= () o= (1) o

Hence, the linear transformation associated to B; is surjective, and so, det(Bg) =
det(BL) # 0.

The other implication follows as in the previous paragraph working on the dual exact
sequence. O

Theorem 1.9 Suppose that char(K) = p > 0. The Nash blowup of Xt is isomorphic to the
blowup of its logarithmic Jacobian ideal modulo p.

Proof The proof follows the arguments given by Gonzalez Pérez and Teissier [ 11, Proposition
60], combined with the previous lemma.

Assume that {y, ..., y,} is a minimal generating set of ' C 74 and Y1y Vn)z =
74, Let A = (V1 Vn)axn and ¢ = n — d. Since K is algebraically closed, there exist
x4 — xPr . x% — xPe e Ir such that o) — Bi, ..., ac — B define a basis of the kernel

of A. Let B = (b1 - - - be)nxe, Where b; = o; — B;. Then we have an exact sequence,

B A

0 Z° " 74 0.

Since the kernel of A is a saturated sublattice of Z", one can extend by, ..., b, to a basis of
7. We denote as A and B the matrices obtained by taking the entries modulo p. Hence, we
obtain an exact sequence of Z,-vector spaces,

c B A d
0 Z z z 0. (1

Take Do € {1, ..., n} such that [Dy| = d and det(ADO) # 0. Letting Ko = [n] \ Do, we get
det(Bg,) # 0byLemma 1.8. Denote as Jk,, the matrix formed by the columns corresponding
to K of the Jacobian matrix Jac(x% — xﬁf)lsisc.
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We have that ]_[keKO xidet Jx, = [[i_; x* det BKO mod It [8, Section 2.2, Lemme
2], [11, Proposition 60]. We point out that this congruence is usually proved over fields of
characteristic zero; however, the same proof holds in arbitrary characteristic. Since I is
a prime ideal and {y1, ..., y,} is a minimal generating set of I", we obtain det(Jg,) # 0
mod Ir. Hence, Jac(x% — xﬁ")li,-ic has maximal rank equal to c. It follows that the blowup
of X1 along the ideal (det Jx | K C [n], |K| = c¢) is isomorphic to the Nash blowup of X
[16, Theorem 1].

LetK C [n],|K| = c. Asbefore, ]_[keK xp det Jg = ]_[f=1 x% det By mod Ir. Multiply
this congruence by the monomial ]_[ie[n]\ x Xi to obtain:

.
(x1 - x,) det Jg = ]_[ xi ]_[x“fdeté,( mod It. 2)
ieln\K i=1

Since multiplying an ideal by a principal ideal gives isomorphic blowups, Congruence (2)
implies:

XT = Blidet s | K, K |=c) XT

= Blix)oox,) (det Jg | K<Inl, K |=c) XT

2

= Bl L 50T 499 det B | K<), K |=c) XT

= BU(T, Lk 500 det B | KSlnl, K |=e) XT-

Using the isomorphism Kl[xy, ..., x,]/Ir = K[s"'] and Lemma 1.8 applied to the exact
sequence (1), the ideal

< 1_[ Xi det BK ‘ ng|[=nc]> = < 1_[ Xi det B[( # 0, fKC|£Q>
ieln\K ieln]\K
corresponds to the ideal
(@ | det(yi, - i) #0mod p, 1 < iy < -+ <ig <n) =7,
In conclusion, X}. = Blgp Xr. ]

Using Theorem 1.9, a combinatorial description of the Nash blowup of a toric variety can
be obtained with the framework developed by Génzalez-Teissier for the blowup of a toric
variety along any monomial ideal [11, Section 2.6].

Remark 1.10 As mentioned in the introduction, the characteristic zero analogue of Theorem
1.9 was studied by several authors. In particular, there is a version using the language of
Minkowski sums [1, Theorem 2.9]. Even though the characteristic zero assumption is not
explicitly stated in that work [1, Theorem 2.9], it is implicitly used in the proof.

2 Resolution of normal toric surfaces by iterated normalized Nash
blowups

In this section we prove that normalized Nash blowups solve the singularities of normal toric
surfaces over fields of prime characteristic.
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Notation 2.1 Throughout this section, o € R? denotes a nonregular strongly convex rational
polyhedral cone of dimension 2, and I' = ¢ N 72, where & € R? is the dual cone of o.
Let ® C R2 be the convex hull of "\ {(0, 0)}. Let {y1, ..., ¥»} € Z? be the points lying
on the compact edges of the boundary polygon d®. We order {yy, ..., ¥} according to the
counterclockwise order.

We note that n > 3 since o is nonregular. We now recall the following description of the
minimal generating set of I'.

Proposition 2.2 ([17, Proposition 1.21]) In the context of Notation 2.1, {y1, ..., yn} is the
minimal set of generators of T.

We use Theorem 1.9 to prove that iterated normalized Nash blowups solve normal toric
surfaces in prime characteristic. We show that the involved combinatorics are independent of
the characteristic. The result thus follows from the classical work of G. Gonzéilez-Sprinberg

[8].
Lemma23 Letw, B,y € Zzzo be pairwise linearly independent vectors, in counterclockwise
orientation. For a subset S C R2, denote as Conv(S) the convex hull of S.
(1) If B € Conv({e, v}), thena + y € Conv({a + B, B+ ¥ }).
(2) If B ¢ Conv({er, ¥}) + Rxo(e, y), then
a+y € Conv({a + B, B+ v} + Rxola, y).

Proof The first statement of the lemma follows from direct computation.

We now prove (2). There exist unique », s € R such that 8 = ra + sy. We claim that
r,s > 0and 0 < r + s < 1. By the orientation, we have that § is in the cone spanned by o
and y. Thus, r, s > 0 and r = 0 or s = 0 contradicts linear independence. If r + s > 1, let
r=r4+r"ands =5 +s" withr'+s" =1andr’,s’,r”,s” > 0. Then

B=("a+sy)+@"a+s"y) € Conv({e, y}) + Rxo(e, y),

which contradicts the hypothesis on 8. This justifies the claim. Hence, 0 < r,s < 1 and
O<r+s<1.

Wehavea+8 = (1+r)a+syandB+y =ra+(s+1)y.Setu =1—randv =1-—5.
Then0 <u,v<landl <u4v. Writeu =u'+u" andv = v +v” withu' +v" = 1 and
u', v, u”, v” > 0. Thus,

aty=(@+y—-B+8
= (ua +vy) + @ +0v)p
=u'(a+p)+V(B+y) +ua+0"y
€ Conv({e + B, B+ v} + Rxole, y).
[m}

Proposition 2.4 In the setting of Notation 2.1, let p = char(K), not necessarily positive. Let
N (Tp) denote the convex hull of

{(vi +vj) +6 | det(y; y;) # 0mod p}i<i<j<n-
Then the vertices of Ny (Jp) are contained in the set
re+yver1€efl,....n—1}}.
In particular, Ny (Tp) = Ny (Jo), for any p > 0.
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Proof As before, {y1, ..., ys} denotes the minimal generating set of I", ordered counter-
clockwise. Recall that n > 3. Up to a change of coordinates, we can assume that I' € Z2>0~
Let1 <i < j < k < n. By Proposition 2.2, we know that y;, y;, y, satisfy the first and
second conditions in Lemma 2.3. By the lemma,

¥i + v € Conv ({yi + v, vj + 7)) S No(Tp),
or
¥i + vk € Conv ({vi +vj. vj + w}) + Reo(i ) € No (Tp).

Hence, y; + y is either on the facet determined by y; +y; and y; + yx, or itis in the interior of
No (Jp). In particular, it is not a vertex of N, (7). We conclude that the vertices of N, (7))

must be of the form y; + y41 forsome £ € {1,...,n — 1}.
The last part of the proposition follows from the fact det(y, y;+1) = 1 for all £ €
{1,...,n—1}L O

A similar statement to Proposition 2.4 was already known [1, Proposition 4.11].

Theorem 2.5 In the setting of Notation 2.1, suppose that char(K) = p > 0. The iteration of
Nash blowups followed by normalization solves the singularities of normal toric surfaces.

Proof Recall the following classical theorem due to G. Gonzélez-Sprinberg: if char(K) = 0,
normalized Nash blowups solves normal toric surfaces [8, Section 2.3, Théoreme]. Equiv-
alently, by Theorem 1.4, normalized blowups of the logarithmic Jacobian ideal [y solves
normal toric surfaces.

The normalized blowup of the logarithmic Jacobian ideal Jp is determined by the Newton
polygon Ny (Jo), which, in turn, induces a subdivision of o [11, Section 2.6 and Remark
26]. Hence, the iteration of normalized blowups of 7y gives place to a regular subdivision of
.

Now suppose char(K) = p > 0. By Proposition 2.4, N, (J,) = N5 (Jo). In particular,
the subdivision of o induced by N, (7)) is the same as the one induced by N (Jo). Hence,
the iteration of normalized blowups of 7, gives place to a regular subdivision of o. By
Theorem 1.9, we conclude that the iteration of normalized Nash blowups solves X. ]

3 Higher dimensional toric varieties

In view of the results of previous sections, one may wonder whether the combinatorics of the
Nash blowup of toric varieties are independent of the characteristic in general. In other words,
me may ask whether the last statement of Proposition 2.4 also holds for higher dimensional
toric varieties. We conclude this paper by showing that this is not the case already in dimension
three.

Let o € R3 be a cone such that & = ((1,0,0), (0, 1, 0), (1, 1, 2D)r.y S R3. Using
Macaulay?2 [12], we obtain that [ = & N 73 is minimally generated by y; = (1,0, 0),
2 =(0,1,0),y3 = (1,1, 1),and y4 = (1, 1, 2). Hence, the logarithmic Jacobian ideals in
characteristic zero and two are, respectively, Jp = (1(2’2’1), 1(2.3.3) G.2.3) 1(2*2’2)), T =
(12D (2.3.3) ;323

Let No (Jp) = Conv{y; + v + v + 5| det(y; yj i) #0 mod p}i<i<j<k<s. We claim
that N, (Jo) # N (J2). We obtain {x —2 =0}, {y —2=0},and {x + y —z — 2 = 0} are
supporting hyperplanes of A, (Jo) from a direct computation. The intersection of these three
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planes is {(2, 2, 2)}. Hence, (2,2, 2) is a vertex of N, (Jp). Finally, notice that (2, 2,2) ¢
N o (J 2) .

Now we study the normalized Nash blowup of Xr. In characteristic zero, the normalization
of X F is nonsingular [1, Section 6, Table 5].

To compute X7 in characteristic two, we compute the blowup of 7> following the combi-
natorial description for the blowup of a toric variety along any monomial ideal [11, Section
2.6]. The polyhedron N, (2) has three vertices: vi = (2,2, 1),v2 = (3,2, 3),v3 = (2, 3, 3).
These vertices give place to the affine charts of X|.. Each of these affine charts are also toric
varieties, determined by the following semigroups:

Py =T+ (v2—vi,v3 —vi)n
=((1,0,0),(0,1,0), (1,1, 1), (1,0,2), (0, 1, 2))n,
Iy =T + (v; — v, v3 — V2)N
=((1,0,0), (1,1, 1), (1, 1,2), (—-1,0,=2), (-1, 1, 0))n,
I3 =T+ (v1 —v3, 2 — v3)N
=((0,1,0),(1,1,1),(1,1,2), (0, -1, =2), (1, =1, 0))n.
To compute the normalization of X} we need to find the saturation of these semigroups.

Using Macaulay?2 we obtain the following minimal set of generators for the saturation of
each I';, denoted as I';:

=((1,0,0),(0,1,0),(1,0,2), (0, 1,2), (1,0, 1), (0, 1, 1)),
((1,0,0), (-1,1,0), (0,0, -1), (-1,0,-2), (1, 1,2), (0, 1, 1)),
=((1,-1,0),(0,1,0), (0,0, 1), (0, -1, -2), (1, 1,2), (1,0, 1))n.

e e
I

In particular, the normalization of X} is singular. Repeating the entire algorithm for
each T;, the resulting saturated semigroups can all be generated by three elements. We
conclude that by iterating twice the normalized Nash blowup in characteristic two, we obtain
a resolution of Xp.

We note also that the corresponding fans for the normalized blowups of X with respect
to Jp and J> have different rays; in particular, neither blowup factors through the other via
a small morphism.
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