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Abstract

We investigate the coradical filtration of pointed coalgebras. First, we generalize
a theorem of Taft and Wilson using techniques developed by Radford in [ ]
and [ ]. We then look at the coradical filtration of duals of inseparable field
extensions L* upon extension of the base field K, where K C L is a field extension.
We reduce the problem to the case that the field extension is purely inseparable.
We use this to prove that if £ is a field containing the normal closure of L over K,
then E® L* = (E® L*); if and only if L/K is separable or char(K) = |L : Ls| = 2,
where L is the separable closure of K in L.

1 Introduction

In this paper, we study the coradical filtration of pointed coalgebras. Our first main

result is a generalization of a theorem of Taft and Wilson from | ]. The following is
a slightly stronger version of this result as proved in | , 5.4.1], using methods from
[ | and | ].

Theorem 1.1. Let C' be a pointed coalgebra, with G = G(C). For each g,h € G, let
P, ,(C) be any vector space complement of K (g — h) in P, ,(C). Then

(i) C1 = KG & (Bgnec Py 1 (C))
(73) for any n > 1 and ¢ € C,,

c= Z Cg.h, Where A(cgp) =cgn @ g+h®cgp+w
g,heG

for some w € C),_1 ® C,,_1.
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This theorem was one of the results used to prove theorems concerning the order of
the antipode for finite-dimensional pointed Hopf algebras. The generalization we prove
(Theorem 2.7) is an extension of (i) to C},. The proof closely follows Montgomery’s proof.
We get a slightly stronger result in the case of cocommutative coalgebras (Theorem 2.10).
In the process, we define an analogue of primitive elements for C), and consider their dual
notion in Section 5, which gives us a generalization of derivations.

We then consider duals of finite field extensions. This is motivated by the results in
[ |, where we investigated the behavior of cocommutative coalgebras when the base
field is extended. Given a cocommutative coalgebra C', we found equivalent conditions for
(E®(C)y=FE® Cy for any field extension K C E, where Cj is the coradical. In addition
to C' being cosemisimple, all simple subcoalgebras of C' must be duals of separable field
extensions of K.

In this paper, we study the coradical filtration of duals of inseparable field extensions.
These are natural coalgebras to investigate, since they are the most elementary examples
of cosemisimple coalgebras which are not cosemisimple when the field is extended. In
particular, given a field extension K C L, we determine equivalent conditions on a field £
so that £ ® L* is pointed, and this leads to Theorem 3.11, which reduces the structure of
(E®L*), to that of the F-coalgebra E®y Homy (L, L), where L, is the separable closure
of K in L. We use this, along with some results on purely inseparable field extensions,
to prove that if F is a field containing the normal closure of L over the base field K,
then F ® L* = (E ® L*); if and only if either K C L is a separable field extension or
char(K) = |L : Lg| = 2 (Theorem 4.5).

We refer the reader to | | for general facts about coalgebras. In particular, we
make heavy use of the results and notation in sections 5.1, 5.2, and 5.4. All vector spaces
and tensor products will be over a field K unless otherwise indicated.

2 Generalization of Taft-Wilson

In this section we generalize Theorem 1.1. Our goal will be to extend part (i) to C,. We
will, to a great extent, follow Montgomery’s proof, which borrows heavily from methods
in | | and | ]. In particular, the following theorem will be crucial. Recall that

a coalgebra has separable coradical if every simple subcoalgebra is the dual of a separable
K-algebra.

Theorem 2.1. | , 2.3.11] Let C be a coalgebra with separable coradical. Then there
exists a coideal I of C such that C' =1 & (.

In particular, this applies to pointed coalgebras. So let C' be a pointed coalgebra, and
fix a coideal I such that C' = KG & I, where G = G(C). For each = € G, define e, € C*
by e,(I) = 0, ex(g9) = 0py for all g € G. Then € = ) _. e, and the e, are orthogonal
idempotents, where multiplication is given by the convolution product (see | , 1.4]).
For each ¢ € C, z,y € G, define “c = c < e, = Y ez(c1)co, &Y = e, = ¢ =) e,(c2)eq,
T =*(Y) = ("c)¥. Let *CY = {*¢¥ : c € C}.



Proposition 2.2. Given the notation above,

(i) Forallce C,c=%", ;%

(i1) I = NyecKer(ey) = Pryec(*CY)T.

(i17) *C* = Kz @ (*C*)*, and *CY = (*CY)" for all x # y.

(iv) For all ¢ € C, #(9c")¥ = 6,404, 9"

(v) Forall ce C, A(*cY) = >, o7 @ ¢

(vi) For all c € (*CY)*, Ale) —c®@y—az®@c€ Y o("Chy)T @ (90, _1)".
Proof. Parts (i) — (iv) are easy to verify. For (v), | , P- 285, eqn 1.2a] gives us
A(Tc?) = (c1 = e;)@(e¥ = ¢3). We then use the facts that e,-e, =e.and ) . e. =¢
togiveus Y ci®@%c) =D (c1 — ;) ®(e? — c3), completing the proof of (v). For (vi),
it is shown in the proof of [ , 5.4.1] that A(c) —c®@y—z®c € C,—1 ®C,_1 (see also
eqn. 1.51n | ]). Applying (v) and the fact that ¢ € *C¥, we get A(c) —cQy—z®c €
> gec “Chn_1 ®9C, . If we write A(c) —c®@y —z®c =) v, ®wi, with v;y € *C}_,
and w;, € 9CY_; with the w;  linearly independent, apply € ® id to both sides to get
0=>,ig)wiy We get vy, € ("C?)F. Similarly, w;, € (YCY)7, giving us (vi). O

If we let I,, = I N C, for each n > 0, then we have C,, = KG & I,,, and [, is a coideal
of Cy,. Thus I,, = @, cc(9CM)T.
To generalize Theorem 1.1, we will need an analogue of primitive elements in C,.

Definition 2.3. For each n > 0, g, h € G, we define the subspace Pg(;?(C) as follows.

P =0, P%={ceC:Al)-cog—hoce) PiYeprh

g,
ze@
We then define P™(C) =3 P;Z)(C)
Note that Pg(lh)(C) P, 1(C), so this is a generalization of g, h-primitive elements.

Proposition 2.4. Let g,h € G. Then
(i) Py (C) € PO,

(i) ( "(C)) =0

(i7i) P ( JNKG = KG* for n > 2.

(iv) <hcg>+ < PO,

(v) (CI_y)*, ("Cp_y)* € PY(C) for all 0,7 € G.
(vi) (°Cq_y)* C PUY(C) for all o, 7 € G.

(vii) C, = PM™(C) + KG for all n > 0.



Proof. Parts (i) and (i7) follow from an easy induction. For (iii), by (i) and (i7), it suffices
to prove that KG* C Pg(?,f(C’). Let c =) . ksx, where k, € K and )k, = 0. Then

A(c)—c@g—h@c:ka(:c®x—:c®g—h®x)

zeG

:ka(x@)x—x@g—h@x—i—h@g)
zeG

=Y h(z—h)®@—g) e PHC) e PYOC)
zeG zeG

soc € Pg(?}f(C).

For (iv), the n = 0 case is trivial. By Proposition 2.2(vi), if ¢ € ("C9)* then A(c) —
c@g—hece) ("C*_ )T ®("CY_)*. Applying induction to ("C%_,)* and (*C¥_,)*
gives us the result.

We prove (v) by induction. The case n = 1 is trivial. For n > 1, let ¢ € ("C7_,)*.
By Proposition 2.2(vi), it follows that A(c) = c®@ T+ h @ c+ >, "vF @ “w], where

hyt € (hCT_,)* and *w! € (*CT_,)*. By induction, *w™ € P V(C), giving us

A(e) —c®g—h®c:c®(7’—g)+zh1jf®xw[
zeG
e PUTV(C) @ P () + ) PV (C) @ PIY ()
el

and the result follows. The argument is similar for (7CY_,)*.

We proceed similarly for (vi). Let ¢ € (°C7_,)*. We then have, as before, A(c)—c®g—
h@c = c@(T—g)+(0—h)@c+>, . “vi@"w], where “vf € (7CE_s)" and “w] € (*Cj_s)*.
By (v), we have c®(7—g) € Pff;t_l)(C)@P;?_l)(C) and (0—h)®c € P;T;L_l)(C)@Pg(?,_l)(C).
Thus, (vi) follows from induction.

For (vii), we have C,, = KG & I, and I, = @, nec(9CH) T, so the result follows from

(iv).
[l

In Montgomery’s proof of Theorem 1.1, a crucial step was proving that Pg}h)(C’) =
K(g—h)® ("C{)*. The analogue for n > 2 is

Lemma 2.5. For all n > 2, we have

PU(C) =KG* @ (@ozn("CE_1) ) @ (©rpe("CI_1)")
® (Dorn(7Cr_y)T) @ ("CI)*.
T#g

Proof. By Proposition 2.4(iii)—(vi), it suffices to show that Pg(;? (C) C(KGTB(®ozn(“CI_) )
(Br2g("CT_)T) & (Bozn(7CI_5)1)) ®"CY. Let ¢ € P;Z?(C). In particular, ¢ € C,, so
T#g ’
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c =g+ nyeG vY, where vg € KG and “v¥ € (*C¥)*. Since ¢(c
tion 2.4(i7) gives us UG € KG™', and so, without loss of generality, “c¥
x,y € G.

We have A(c) —c®g—-—h®ce€ ) quj;;l)(C’) ® P;Zﬁl)((}’). For z,y € G, we apply
Proposition 2.2(iv), (v) to get

) = 0, Proposi-
€ (*C¥)* for all

A(C) = 0y " @ g — Spah @ € D TP V(C0) @ *PATV(C)Y (1)

u,z€G

If y # g, we can apply id ® ¢ to the above and use Proposition 2.4(vii) to get *c¥ € C,,_;.
Similarly, if z # h, we have *¢¥ € C,,_y. Thus, if z = h or y = ¢ (but not both), we
have *c¥ € C,_1 N (*CY)" = (*C¥_,)". It thus suffices to show that for all z # h, y # g,
we have ¢V € *CY_, = C,,_o N (*C¥)*. As before, we need only prove that *c¥ € C,,_s.
By induction, we have Pﬁ;l)(C) = (hCr_)t + CF ., and PV (C) = (C_ )T+ CF,
Applying (1), and using the fact that = # h, y # g, we get A(*¢¥) € Y, Crn—2 ® Cp_a.
We now apply id ® € to get *c¥ € C,,_,.

O

Corollary 2.6. For all n > 2,

(1) Py3(C) N Cuoy = KGT @ (8 + 0rg)(@orea ("0 ") @ (%ﬁ("CLg)*)-
T#9

(i) Py (C) N Gy = KGY & (S0re6(7C o))
This brings us to the main theorem.

Theorem 2.7. For each g, h € G, let Pg(j;f(C’) be a vector space complement of Pg(j;L)(C’) N
Gyt in PUY(C). Then Gy = Cpy @ (@ pec P (0)).

Proof. For each g, h € G, Proposition 2.4(iv) gives us ("C9)" C Pg(j,?(C). Also, KG C
Cp-1. Thus, C),, = C)_1 + Zg heG g’;l)(C). It then suffices to prove that the sum is direct.

Suppose that there exist v € C,,—1 and vy, € P (C) for each g,h € G with v +
Zg nea Ugn = 0. By Lemma 2.5, we can write vy, = vg7h + wy p, Where vy, € th and
wyn € Cp_1. We then have Z%heG Vgp = —0U — Zgﬁeg Wy p € Cpoy. Now *CY_; C Cyy

for all z,y € G. Thus, v, = y(zgﬁ vgn)* € Cyo1, and so U,, € Pg(f;b)(C’) NC,_; = 0.
Then also v = 0, completing the proof.
[

In the case of C' cocommutative, we get a stronger result. We begin with a lemma.

Lemma 2.8. Let C' be a cocommutative coalgebra.
(i) If g, h € G(C) with g # h, then (C")* = 0.
(i) If c € (7CF)*, then Alc) —c®g—g®@c € (907 )" @ (7C7 )"



Proof. We prove (i) by induction. The case n = 0 is trivial. For n > 0, let ¢ € (9C")*.
Applying Proposition 2.2(vi), induction, and the fact that g # h, we have A(c) —c® h —
gRce > (9C:_ )T @ (*Ch )" = 0. Thus, ¢ € B, 4(C). Since C is cocommutative,
this implies ¢ € K(g — h). But K(g — h) N (C")* = 0, completing the proof. Part (ii)
follows from (i) and Proposition 2.2(vi). O

This gives us the following.

Corollary 2.9. C),, = ©yeq /C7.

n

Thus, C, = >, gec7CH. It then follows that the 9CY are the irreducible components of

n

Ch- | , 5.6.3] implies that the sum is direct. O

Proof. Lemma 2.8 implies that C,, = KG + }_ ,(?C§)". For each g € G, g € 9C.

This gives us a strengthened version of Theorem 2.7 for cocommutative coalgebras.

Theorem 2.10. Let C' be a cocommutative coalgebra. For each g € G, let P;Z)(C) be a
vector space complement of C),_s in Pg(f;)(C). Then C, = C),_o ® (@gegpg(?)(c*)).

Proof. By Lemma 2.5 and Lemma 2.8, we have Pg(z)(C’) NCp_1 C Cy_o. The result then
follows from Theorem 2.7. O

3 Extensions of the Base Field for Duals of Field Ex-
tensions

Given a K-coalgebra C, one can extend the base field to an extension K C E. The
resulting E-coalgebra is E ® C' (see proof of | , 2.2.2]). In this section, we consider
how the coalgebra structure of C'is affected by extension of the base field.

This question was considered in | ]. In particular, we obtained the following
result.

Theorem 3.1. Let H be a K-coalgebra, and suppose K C L is an extension of fields.
Then the following are equivalent.

(1) L ® H is a grouplike coalgebra.

(17) H is cocommutative, cosemisimple with separable coradical, and L contains the
normal closure of D* for each simple subcoalgebra D C H.

We will prove an analogous result in the case that the simple subcoalgebras are not
separable. One of the consequences of Theorem 3.1 is the following.

Corollary 3.2. Let H be a cocommutative coalgebra, and suppose that K C L is such
that L ® H is pointed (e.g. L = K). Let {H,}°°, be the coradical filtration of H.

(i) [L® H], C L ® H, for all n > 0.

(77) Equality holds for all n > 0 if and only if H has separable coradical.



As in the proof of Theorem 3.1, we take the view of finite-dimensional coalgebras
as duals of associative algebras. In fact, we take this a step further. Let A be a finite-
dimensional K-algebra, and let K C E be a field extension. If we take a basis {a, -+ ,a,}
of A with dual basis {af, -+ ,a’} C A* then we have an E-vector space isomorphism
¢ : Homg(AE) — E ® A" given by ¢(f) = > . f(a;) ® aj. Note that this map is
independent of the choice of basis.

We use ¢ to give Homg (A, E) a comultiplication. We can identify Homg (A, E) ®g
Homg (A, E) with (E® A® A)*. Then A(f)(a®a®b) = af(ab) gives a comultiplication
which is coassociative when A is associative. If A is associative, then e(f) = f(1) makes
Hompg (A, E) an E-coalgebra.

Lemma 3.3. ¢ is an F-coalgebra isomorphism.

Proof. We have a;a; = ), ajjpar for some oy, € K. Then A(ay) = Z” Qijra; @ aj.
We need only prove that ¢ is a coalgebra morphism. Suppose A(f) = > f1 ®g fa, so
f(ab) = > fi(a)fo(b) for all a,b € A. Then

Z¢(f1) ®r ¢(f2) = Z(fl(ai) ®a;) ®p (f2(a;) ® a})

1,J

= fila) folay) ®af @ a; =Y flaia)) ® af @ a;

= Z o_/ijkf(ak) Ka; @ a; = A(¢(f))

Z'7j7k

We also have e(¢(f)) = >, e(a)) f(a;) = f(O,af(1)a;) = f(1) = e(f), which completes
the proof.
[l

Let § = Algk(A, E). Then § = G(Homg(A, F)). This, along with Lemma 3.3 gives
us

Corollary 3.4. If A is a finite-dimensional associative algebra, and F is a field, then
(i) GIE® A*) ={>_,0(a;) ®a} : 0 € §}. Thus, |G(E ® A*)| = |Alg(A, E)|.

(ii) Let 0,7 € §. Then ¢(P3¥ (Homg (A, E))) = Py}, ) (E @ A%).

We also have that Homg (A, F) is well behaved when we restrict maps to subalgebras.

Lemma 3.5. Let A be a finite-dimensional associative algebra, E be a field. Suppose
that B C A is a subalgebra, and let 0,7 € §. If f € Pé,nf)(HomK(A, E)), then f|p €
P (Homg(B,E)).

o|B,7IB

Proof. Using the definition of comultiplication, it follows that f € PgLT)(H omg (A, E))
if and only if f(ab) = 7(a)f(b) + f(a)o(b) + w(a ® b) for all a,b € A, where w €
D reAlgk (A.B) ngl)(HomK(A, E)) ® P,g?fl)(HomK(A, E)) for all a,b € A. But when
we restrict to B, this will still hold for a,b € B. In addition, when we restrict to B, we
will have w € >°, a1 a.m) PV (Homg (B, E))® P") (Homg (B, E)) by induction,

- ol .kl klB,T|B
so the proof is complete. O



Let C' be a cocommutative K-coalgebra, and again let K C F be a field extension. If
E is algebraically closed, then £ ® C'is pointed by | , 5.6]. We can be more specific
about how much we need to extend the field. We first need the following lemma.

Lemma 3.6. Let K C L be a finite field extension, and let L C F be any field extension.
Then G(E ® L*) # 0.

Proof. Let {ai,--- ,a,} be a basis for L over K. Then ), a; ® af € G(E ® L*) by
Corollary 3.4(7) (letting o be the inclusion map). O

We then get the following analogue of Theorem 3.1.

Theorem 3.7. Let C' be a cocommutative coalgebra over K, and let K C E be a field
extension. Then F ® C' is pointed if and only if, for each simple subcoalgebra D C C', E
contains the normal closure of the field D* over K.

Proof. We first reduce the theorem to the case of C' being a simple coalgebra. By Corol-
lary 3.2, we have (F®C)y C E®Cy, so (E®C)y C (E®Ch)o. In addition, F®Cy C E®C,
s0 (E® Ch)o C (F® (). Thus, (F® C)y = (F® Coh)o, and so E® C' is pointed if and
only if £ ® Cy is pointed. Now Cy = @;D;, where each D; is a simple subcoalgebra. This
gives us £ ® Cy = &, F ® D;, so E ® (Cy is pointed if and only if each F ® D; is pointed.
Thus, without loss of generality, C'is simple. In particular, | , 5.1.4(3)] implies that
C' is finite-dimensional.

Without loss of generality, K C E is an algebraic extension. Suppose that F contains
the normal closure of C* (note that C* is a field since C' is simple and cocommutative).
If K is an algebraic closure of K containing E, then K ® C' is a pointed coalgebra. Let
o € Alg(C*,K). Since C* is a field, we have ¢(C*) = C*. Thus, o(C*) C E, and so
Alg(C*, K) = Alg(C*, E). By Lemma 3.4, |G(K ® C)| = |Alg(C*, K)| = |Alg(C*, E)| =
|G(E®C)|.

Suppose that £ ® C' is not pointed. Then there exists a simple coalgebra D C F® C
with D N E(G(E ® C)) = 0. Since D is a simple cocommutative E-coalgebra, then
D = F* = Homg(F, E) for some field extension £ C F. By Lemma 3.6, there is some
g € G(K ®g D). Since DN E(G(E® C)) =0, we have g ¢ E(G(E ® C)). This implies
that |G(K ® C)| > |G(E ® C)|, which is a contradiction. Thus, £ ® C is pointed.

Conversely, suppose that E does not contain the normal closure of C*. Then there is
some 0 € Algg(C*, K) such that o(C*) € E. Then Corollary 3.4 implies that |G(K ®
C)| > |G(E®C)|. But since K ® C 2 K ® (E ® C) is pointed, Corollary 3.2(i) implies
that (K ® C)y C K ®p (E ® C)y. Since K ® C has more grouplikes than E® C, E® C
must have a simple subcoalgebra that is not grouplike. O]

Let K C L be a finite field extension, K C E any field extension. We now study the
coradical filtration of F ® L*. Note that while L* is a simple coalgebra, it is possible that
E ® L* is not if K C L is an inseparable field extension (see Corollary 3.2(ii)). Since
E® L* = Homg (L, E), we can study Homg (L, E) when convenient.



Lemma 3.8. Let K C L be a finite field extension, K C F any field extension.
(7) If K C L is a separable extension, then Homg (L, E) is cosemisimple.

(77) If E' contains the normal closure of L, then Homg (L, E') is pointed.
Proof. These follow directly from Theorem 3.1 and Theorem 3.7, respectively. [

Now suppose that F' is the normal closure of L over K, and let L, be the separable
closure of K in L. Let {f,---, 3.} be a basis for L over Ly, and let {57, -+, 3%} be the
dual basis. We have that H = Homy (L, L;) is an Lg-coalgebra. Note that F ®, H is
connected by Corollary 3.4 and Theorem 3.7, since Ly C L is purely inseparable. Also
note that G(F @, H) = Ke, where e = ). 3, ® [7.

If c € F®p, H, then we can write ¢ = ), f(;) ® 5; for some f € Hom (L,F) C
Homg(L,F). For each 0 € Algi(L, F), we define ¥V, : FF ®,, H — Homg(L,F) as
follows. By a well-known theorem in field theory and the fact that K C F' is a normal
extension, we can extend o to a K-automorphism & : F — F'. Fix such an automorphism
for each o € Algi (L, F'). We then define U, (>, f(3;) ® Bf) = 7 o f. One can check that
U, is an F-coalgebra monomorphism.

Lemma 3.9. Let e, 0, L, and F' be as above.

(i) U, (e) = o.

(ii) o (PL(F @1, H)) C PY(Homy (L, F))

(iii) P (Homy (L, F)) = FS+aW, (P (Fop, H)), forn > 2, and P, ,(Homg (L, F))
Uo(Peo(F®r, H)).

Proof. Part (i) follows directly. Part (iz) follows from a simple induction argument using
(7) and the fact that W, is a coalgebra morphism. For (iii), let f € P (Homg (L, F)).
Then f|., € P;TL) ol (Homg(Ls, F)). By Lemma 3.8(), f|., € E(Alg(Ls, F)). By

extending each element of Alg(Ls, F') to L, we can consider f|,, = h € FG. If we let
f"'= f—h, then f'(Ls) =0, and so 'of’ € Homy (L, F). Note that U, (>~ 6 *(f'(5;))®
B7) = f', so it suffices to show that Y, a1 (f'(3)) ® Bf € Pe(fé)(F ®r, H). This follows
from the fact that O ' : U, (F ®;, H) — F ®;, H is a coalgebra isomorphism. O

Applying Theorem 2.10 and Lemma 3.9 gives us the following.
Lemma 3.10. (Homg (L, F)), = FS & (,eqV, (P (F @1, H))).

This tells us a great deal about the coradical filtration of £ ® L* when E contains the
normal closure of L over K.

Theorem 3.11. Let K C L be a finite field extension, and let £ be a field containing
the normal closure of L over K. Then (E ® L"), = > cqper- Cg Where each Cy =

(E®p, H)p.



Proof. First note that we can identify £'® L* with Homg (L, E). The case of E = F then

follows from Lemma 3.10, letting Cy = Eg + \I/g(Pe(fé)(E ®r, H))). For the general case,
we have, by Corollary 3.2(éi) and Theorem 3.7,

(EQ L)y =(EQF [FO L)y =E&p (FQL),
The result follows directly. ]

Thus, the coalgebra structure of F® L*, including the coradical filtration, is completely
determined by that of E @, H. The following is immediate.

Corollary 3.12. Let n = |L : Ly|. Then E® L* = (E ® L*),.

4 Duals of Purely Inseparable Field Extensions

The thrust of Corollary 3.11 is that we can understand the coalgebra structure of duals of
field extensions when their base fields are extended as long as we understand the coalgebra
structure of duals of purely inseparable field extensions under an extension of the base
field.

Let char(K) = p > 0, and suppose that K C L is a purely inseparable finite field
extension. Let L C E be a field extension. Then EF ® L* is connected, with grouplike
element g. We then have (E ® L*), = Eg & P,, where P, = P{")(E @ L*).

Corollary 3.12 gives an n such that (£ ® L*), = E ® L*. One may ask what the
minimum such n is. We shall address this question in this section. We begin with the
following lemma.

Lemma 4.1. For all n > 1, dimg(P,11/P,) < dimg(P,/P,_1)*.

Proof. Since P,_; is a coideal for each n > 1, we have that (E'® L*)/P,_; is a coalgebra.
We define the linear map f: P,y1/P,-1 — (P,/Po-1) ® (Py/P,_1) by

fle)=Ac) —c®(g+ Po1) — (g + Pao1) ®c

Since ker(f) = P,/ P,—1 andim(f) C (P,/Pu—1)®(P,/Pn-1), we have dimpg(P,+1/FPn-1) <
dimg(P,/P,_1)+dimg(P,/P,_1)?. Then dimg(P,y1/P, 1) = dimg(P,,1/BP,)+dimg(P, /P, 1)
gives us the result. O]

By [ , p- 182], there exists a p-basis of L over K. That is, there exist aq, -+, a; €
L such that, for some f; > 0, {af*---af* : 0 < e; < p’i} is a basis for L over K.
We can then define derivations d; € Derg(L, E) such that d;(a;) = d;;. Let g = K-
span{dy,---di}. Then Derk(L,E) = E ® g. Since ¢(Derk(L,E)) = P, we have that
dlmK(Pl) = k.

Corollary 4.2. Let k be the size of a p-basis of L over K.
(i) For all n > 1, dimg(P,41/P,) < k¥ '
(i) For all n > 0, dimg([F ® L*],) <1+ 3.0, k%"
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Proof. For (i), we have dimg (P, /Fy) = dimg(P;) = k by the above remarks, which gives
us n = 1. For n > 1, we have dimg(P,;,/P,) < dimg(P,/P,_1)* by Lemma 4.1. By
induction, dimg(P,/P,_1)*> < (k¥ )% = k*", and the result follows. Part (ii) follows
directly from (7). O

Since dimg(E ® L*) > pF, the following is immediate.

Corollary 4.3. If E® L* = (E® L*),, and k is the size of a p-basis of L over K, then
pP<14+ >, i

This leads to some very restrictive conditions for £ ® L* = (E ® L*);.

Corollary 4.4. Let K C L be a purely inseparable extension. Then F® L* = (E ® L*);
if and only if either K = L or char(K) = |L: K| = 2.

Proof. If K = L, then EQ L* = (E® L")y C (E® L*);. In the case that K # L, we have
k > 0. By Corollary 4.3(ii), we have p* < 1 + k. But this can only happen if p = 2 and
k =1, in which case we have equality. This forces |L : K| = 2. Since char(K) = p = 2,
this completes the proof. O

We get corresponding results for the case K C L is not purely inseparable, using
Corollary 3.11.

Theorem 4.5. Let K C L be a field extension with char(K) = p > 0, and let L be
the separable closure of K in L. Suppose E contains the normal closure of L over K.
For each g € G(E® L*) and n > 0, let P be a vector space complement of KG* in
P"(E ® L*) such that P C szﬂ . Finally, let k be the size of a p-basis for L/L,.
Then

(7) For all n > 1, dimg(P, (nH)/ng) < dimpg( _;Z)/Pg(z_l))Z.

(73) For all n > 1, dimE(PgszJrl /ng)) K.

(iii) For all n > 0, dimp([F ® L*],) < |G|(1 + S0 k).

(iv) f E® L* = (E® L*),, then p* <1+ 31 k”

(v) E® L* = (E® L"), if and only if either L is separable or char(K) = |L : Ly| = 2.

Proof. These follow directly from Corollary 3.11, Lemma 4.1, Corollary 4.2, Corollary 4.3,
and Corollary 4.4. |

5 A Generalization of (o, 7)-Derivations

Recall that if A and B are K-algebras (not necessarily associative), and 0,7 : A — B
are K-algebra homomorphisms, a (o, 7)-derivation is a map d : A — B such that, for all
a,b € A, we have d(ab) = o(a)d(b) + d(a)7(b). There is a duality between derivations
and primitive elements. In fact, if A is an associative algebra and B is a field, then
Corollary 3.4 implies that 0,7 € G(Homg (A, B)) and P, . (Homg(A, B)) consists of the
(1, 0)-derivations between A and B.
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Since P, ;(C) = PQ(},B (C), it makes sense to generalize (o,7)-derivations to the n'"

level of the coradical filtration. Indeed, since the definition of P;Z)(C’) depends only on
comultiplication in Homg (A, B), we can define such maps when B is not a field, or even
when A and B are not associative.

Definition 5.1. Let A and B be K-algebras, let G be the set of algebra homomorphisms
A — B, and let 0,7 € G. The set of (o, 7)-derivations of degree n (denoted DJ"T)(A B))
can be defined inductively as follows.

Dc(r(,)q)-(A7 B) =0,
DI(A,B) ={f:A— B:Va,be A, f(ab) = o(a)f(b) + f(a)T(b)
+ w(a ®b), where w GZD((,?,;”(A B)® D,"”

KESG

Note that we do not require A to be finite-dimensional. An easy induction gives us
the following.

Proposition 5.2. If A is an associative finite-dimensional K-algebra, and F is a field,
then DY)(A, E) = P\% (Homy (A, E)).
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