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SOME NECESSARY AND SUFFICIENT CONDITIONS FOR
p-NILPOTENCE OF FINITE GROUPS

HuAQuAN WEIL, YANMING WANG AND XIAOLEI Liv

The purpose of this paper is to give some necessary and sufficient conditions for
p-nilpotent groups. We extend some results, including the well-known theorems of
Burnside and Frobenius as well as some very recent theorems. We also apply our
results to determine the structure of some finite groups in terms of formation theory.

1. INTRODUCTION

A well-known theorem of Burnside [1] asserts that if some Sylow p-subgroup P of
a finite G lies in the centre of its normaliser, then G is p-nilpotent, that is, G has a
normal Hall p'-subgroup. Another well-known result due to Frobenius [2] showed that a
finite group is p-nilpotent if and only if the normaliser of any non-trivial p-subgroup is p-
nilpotent; or the quotient group of normaliser by centraliser of any non-trivial p-subgroup
of the group is a p-group.

Some authors have extended the above two theorems in different ways, for example
(3, 4, 5]. In [4], Ballester-Bolinches and Guo extended Burnside’s theorem through the
p-focal subgroup. They proved that a finite group G is p-nilpotent if P is a Sylow p-
subgroup of G such that Q(PNG’) is in the centre of the normaliser of P, where Q(PNG')
the subgroup generated by all elements z of PN G’ with 27 = 1if p > 2 or z* = 1 if
p = 2. By using the complementation of minimal subgroups of p-focal subgroup, Guo
and Shum in [5] also obtained a result on p-nilpotence of finite groups.

It is easy to show that the conditions in Ballester-Bolinches, Guo and Shum’s results
are not necessary. For example, let G = (a,b | a® = 1,62 = 1,b7'ab = a™') be the
dihedral group of order 2%; then af, a* lie in Q(G’) but a® is not in the centre of G and
(a*) has no complement in G. In this paper, we shall extend the above results through
some well-positioned subgroups of the p-focal subgroup. The conditions in our results
are necessary and suflicient and hence are sharp. We also apply our results to determine
the structure of some finite groups.

‘Received 11th March, 2003 )
Project supported by NSFC, NSF of Guangdong, Fund from Education Ministry of China and ARC of

ZSU.
Copyright Clearance Centre, Inc. Serial-fee code: 0004-9727/03 $A2.00+0.00.

371

https://doi.org/10.1017/50004972700037783 Published online by Cambridge University Press


https://doi.org/10.1017/S0004972700037783

372 H. Wei, Y. Wang and X. Liu 2]

Recall that if P is a Sylow p-subgroup of a finite group G and G’ is the commutator
subgroup of G, the subgroup PNG’ is called the p-focal subgroup of P in G. A subgroup
H of a finite G is said to be complemented in G if there is a subgroup K of G such that
G = HK and HNK = 1. A formation F is said to be saturated if G/®(G) € F implies

that G € F.
Let U be a finite p-group. We denote Q(U) = @, (U) if p > 2 and Q(U) = Q,(U) if
p=2.

All groups considered in this paper will be finite. G will denote the F-residual of
G; N, N, and U will denote the class of all nilpotent groups, the class of all p-nilpotent
groups and the class of all supersolvable groups, respectively.

2. MAIN RESULTS

THEOREM 2.1. Let P be a Sylow p-subgroup of a group G and let O
= [P,O?(G)], the commutator subgroup of P and OP(G). Then the following state-
ments are equivalent:

(1) G is p-nilpotent;

(2) QPN O) lies in the centre of Ng(P);

(3) For any non-identity subgroup U of Q(P N O), Ng(U) is p-nilpotent;

(4) For any non-identity subgroup U of Q(PNO), Ng{U)/Cg(U) is a p-group;

(5) Every minimal subgroup of PN O is complemented in P and Ng(P) is
p-nilpotent.

ProoF: (1) = (5): If G is p-nilpotent, then (p, |O”(G)|) =1, hence PNO =1 and
statement (5) holds.

(5) = (2): Assume that (5) holds. It is clear that we may assume PN O # 1.
Since every minimal subgroup of P N O is complemented in P, PN O is an elementary
Abelian group. As O = [P, O”(G)] < <P, O*(G)) = G, PNO<P. Now let N, be a
minimal normal subgroup of P contained in PN O. Then N, € Z(P) and {N;| = p by
the properties of nilpotent groups. By hypothesis, there is a subgroup P; of P such that
P = NP, and N; N P; = 1. Note that P, N O is still a normal subgroup of P. By using
similar arguments, we have that PN O = Ny x N, x --- x N; and N; < Z(P). Hence
PNO < Z(P). Since Ng(P) is p-nilpotent, PNO < Z(NG(P)), therefore statement (2)
holds.

(2) = (3): Assume that (2) holds and (3) is false. Then Ng(U) is not p-nilpotent
and so Ng(U) has a minimal non-p-nilpotent subgroup H for some non-identity sub-
group U of Q(P NO). By results of Ito (9, IV, Sata 5.4] and Schmidt [9, III, Satz 5.2,
H has a normal Sylow p-subgroup H, and a cyclic Sylow g-subgroup H, such that H
= [Hp]H,. Moreover, H, is of exponent p if p > 2 and of exponent at most 4 if p = 2.
Since P < Ng(U), without loss of generality, we may assume that H, < P. On the
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other hand, the minimality of H implies that H, = [H,, H,] = [H,,O?(H)]. Hence H,
< PN [P,OP(G)] = PNO. It follows that H, < (P NO) < Z(Ng(P)). Furthermore,
Ng(P) € Cg(Hp). Denote N = Ng(H,). As Cg(Hp) 9« Ne¢(H,) = N, by the Frattini
argument, N = Ng(H,) = Cg(H,)Nn(P). Note that Ny(P) < Ng(P) < Cg¢(H,),
so Ng(H,) = Ce(H,), this implies that H = H, x H,;. This contradiction shows that
statement (3) holds if (2) is true.

(3) = (4): Let K be the normal p-complement of Ng(U). Then KU = K x U.
Hence K € Cg(U) and statement (4) holds.

(4) = (1): Assume that (4) holds and (1) is false. Then G is not p-nilpotent and so
it has a minimal non-p-nilpotent subgroup H. By results of Ito and Schmidt, H has a
normal Sylow p-subgroup H), and a cyclic Sylow g-subgroup H, such that H = [H,]H,.
Moreover, Hj, is of exponent p if p is odd and of exponent at most 4 if p = 2. Without
loss of generality, we may assume that H, < P. On the other hand, the minimality of
H implies that H, = [H,, Hy] = [H,, O?(H)]. Hence H, < PN [P,0?(G)] = PNO. It
follows that 1 # H, < (P N O). Since

H[Cy(H,) = H/(Cs(H,) N H) = HCg(Hy)/Ca(Hp) < No(Hp)/Co(Hp),

H/Cx(H,) is a p-group, which implies that OP(H) < Cy(H,). Note that OP(H) = H,
hence Cy(Hp,) = H and so H = H, x H;. This is a contradiction.

The proof of Theorem 2.1 is now complete. 0

The Sylow p-subgroup PN O of O is in fact quite familiar to us and the properties
of O are essential to p-nilpotency of a group. We state the following theorem:

THEOREM 2.2. Let P be a Sylow p-subgroup of a group G and let O
= [P,OP(G)], the commutator subgroup of P and O°(G). Then

(1) G/O is p-nilpotent;
(20 PNO=PNOPG)=PNGYN = PNG".

PROOF: (1) First we have the fact that OP(G/N) = OP(G)N/N for any normal
subgroup N of G. In fact, it is easy to see that OP(G)N/N < OP(G/N) and we
have that (G/N)/(OP(G)N/N) = G/OP(G)N is a p-group, this implies that OP(G/N)
< OP(G)N/N. The above equality implies that [PO/O, O?(G/0)] = [PO/O,0"(G)/O]
= [P,07(G)]0O/O = 1. By Theorem 2.1, G/O is p-nilpotent.

(2) If N is a normal subgroup of G such that G/N is p-nilpotent, then

PN/N N OP(G/N) = PN/N NOP(G)N/N = (PN OP(G)N)N/N = 1,

hence PN OP(G)N < N. This immediately implies that PN N = PN O?(G)N. Note
that O, GN and G are all contained in O?(G) and so (2) holds. 0

The following Corollary 2.3 shows that whether a group G is p-nilpotent can be
determined from the properties of the minimal subgroups of the Sylow p-subgroups of
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the p-nilpotent residual of G. Actually our result is a direct consequence of Theorem 2.1
and Theorem 2.2.
COROLLARY 2.3. Let P be a Sylow p-subgroup of a group G. Then the following
are equivalent:

(1) G is p-nilpotent;

(2) Q(P N GH») lies in the centre of Ng(P);

(3) For any non-identity subgroup U of Q(P N GN?), Ng(U) is p-mlpotent

(4) For any non-identity subgroup U of Q(P N G*?), Ng(U)/Cg(U) is a p-
group;

(5) Every minimal subgroup of P N G is complemented in P and Ng(P) is
p-nilpotent.

In particular, if one of the following conditions holds, then G is p-nilpotent:

(i) SUPNG) is contained in the centre of Ng(P) ({4, Theorem 1));
(ii) Every minimal subgroup of PN G' is complemented in Ng(P) and Ng(P)
is p-nilpotent (|5, Theorem 2.1]).

PRrROOF: By Theorem 2.2, the equivalent conditions are direct results. Note that
G/N is Abelian = G/N is nilpotent => G/N is p-nilpotent. We have that G' < GV
< GMe. (2) implies (i), (5) implies (ii). 0

Furthermore, if p is the smallest prime divisor of |G|, then the assumption that
N¢(P) is p-nilpotent in Theorem 2.1 (4) (or Theorem 2.3 (4)) can be removed.

THEOREM 2.4. Let p be the smallest prime divisor of the order of a finite group
G and P be a Sylow p-subgroup of the group G. Then G is p-nilpotent if and only if
every ninimal subgroup of P N O is complemented in Ng(P), where O = [P, O"(G)].

“PROOF: We only need to prove the ‘if’ part.

‘Write N = Ng(P) and assume that N < G. Since PN [P,0?(N)] < PN O, every
minimal subgroup of P N [P, OP(N)] is complemented in Ny(P) = Ng(P). We may
using induction to assume that N is p-nilpotent since N satisfies all the hypothesis of G.
This implies that G is p-nilpotent by [6, Lemma 1(1)] and Theorem 2.1.

Now we consider the case where Ng(P) = G. If further PN O = O # 1, then we
can take an element z in O of order p. By hypothesis, there is a subgroup M such that

= (z)M and (z)NM = 1. Since |G : M| = p and p the smallest prime divisor of |G|, we
see that M is a normal subgroup of G. Now G/M = () is cyclic,s0 (z) SO G' < M
a contradiction. Hence O = [P, O”(G)] =1 and so G is p-nilpotent by Theorem 2.1.

This completes the proof of Theorem 2.4. 0

The following Corollary 2.5 is a direct result of Theorem 2.4.

COROLLARY 2.5. ([5, Theorem 2.2].) Let p be the smallest prime divisor of |G|
and P be a Sylow p-subgroup of the group G. Then G is p-nilpotent if every minimal
subgroup of the p-focal subgroup P NG’ is complemented in Ng(P).
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REMARK 2.6. The assumption that every minimal subgroup of P N O is complemented
in Ng(P) in Theorem 2.4 can not be replaced by every minimal subgroup of PN O is
complemented in P. For example, let P be the Sylow 2-subgroup of A4, the alternating
group of degree 4; then every minimal subgroup of P N O = P is complemented in P,
but A, is not 2-nilpotent.

In the case p-= 2, the following theorem generalises [4, Theorem 2] and the proof of
our result is better than that in [4, Theorem 2.

THEOREM 2.7. Let P be a Sylow 2-subgroup of a group G and assume that P is
quaternion-free. Then G is 2-nilpotent if and only if Q) (PN Q) is contained in Z(P) and
Ng(P) is 2-nilpotent, where O = [P, OZ(G)].

PROOF: It is sufficient to prove the ‘if’ part.

Assume it is false and let G be a counter-example of minimal order. Then G has a
minimal non-2-nilpotent subgroup H. According to results of Ito and Schmidt, H has a
normal Sylow 2-subgroup H; and a cyclic Sylow g-subgroup H, such that H = [Hp]H,,
where ¢ # 2. Moreover, by the minimality of H, H, = [H,, Hy] = [Ha, O%(H)], so H, can
be considered as a subgroup of PN O. Now, 1 # Q,(Hy) € (PN O) € Z(P). Hence
P is contained in Cg (1 (Hz)), which is a normal subgroup of N = Ng(Q(H,)). By the
Frattini argument, N = Ng (91 (Hz)) = Ce(Qu(H2)) Ny (P). Since Ny(P) < Ng(P) and
Ng(P) is 2-nilpotent, Ny (P) is 2-nilpotent. Let K be a 2-complement of Ny(P). Then
K centralises P and so does €;(H3). Thus P and K are both contained in C¢(,(H2)).
Therefore N = Ng(Q(H;)) = Co(Su(H2)). If N is a proper subgroup of G, then
by the minimality of G, N is 2-nilpotent as IV satisfies the hypothesis of the theorem.
But H lies in N, so H is 2-nilpotent, a contradiction. Consequently, N = G, that is,
Q1 (Hz) € Z(G). Hence Q,(H,) < Z(H). On the other hand, HY # 1, otherwise H is
nilpotent, also a contradiction. Note that H/H, is nilpotent, so HV < H,. Now we have
that 1 # Q,(HY) < H,n HY N Z(H), this contrary to a result of Dornhoff ([8, Theorem
2.8]). Therefore H,N HY N Z(H) = 1.

This completes our proof. 0

COROLLARY 2.8. (|4, Theorem 2].) Let P be a Sylow 2-subgroup of a group G
and assume that P is quaternion-free. If Q,(P N G') is contained in Z(P) and Ng(P) is
2-nilpotent, then G is 2-nilpotent.

3. APPLICATIONS

LEMMA 3.1. ([7, Theorem 3.1).) Let F be a saturated formation containing U,
the class of supersolvable groups. Let H be a normal subgroup of a group G such that
G/H € F. If for any maximal subgroup M of G, either F(H) < M or F(H)N M is a
maximal subgroup of F(H), then G lies in F.

THEOREM 3.2. Let F be a saturated formation containing N, the class of nilpo-
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tent groups. Let H be a normal subgroup of a group G such that G/H € F. Let
O = [P,07(G)]. If (PN O) < Z(Ng(P)) for any prime divisor p of the order of H and
any Sylow p-subgroup P of H, then G lies in F.

PROOF: Suppose that the theorem is false and let G be a counter-example df
minimal order. Let p be a prime divisor of |H|. Since [P,OP(H)] < O, we have
that (P N [P,OP(H)]) < PN 0) < Z(Ng(P)). Note that Nu(P) < Ne(P), so

Q(P n [P, OP(H)]) < Z(Ny(P)). By applying Theorem 2.1, we know that H is p-
nilpotent. The choice of p implies that H is nilpotent. Now let ¢ be a prime divisor of
|H| different from p and @ a Sylow g-subgroup of H. Then @ is a characteristic subgroup
of H and hence it is a normal subgroup of G. Let G = G/Q and H = H/Q. We shall
show in the following that G satisfies the hypothesis of the theorem.

It is clear that G/H = G/H € F. For any Sylow p-subgroup P = PQ/Q of H,
we have that Nz(P) = Ng(P)Q/Q, where P € Syl,(H) and p # ¢. Again, PNO =
(PN O)Q/Q. In fact, OP(G/Q) = OP(G)/Q, hence

0 = [P,07(G)] = [PQ/Q,0"(G)/Q] = [P,0%(G)]Q/Q = 0Q/Q.
Furthermore,
PO =PQ/QNOQ/Q=(PNOQ)Q/Q=(PN0)Q/Q.
It implies that
Q(F nD) = PN 0)Q/Q < Z(Ns(P))Q/Q < Z(Na(P)Q/Q) = Z(Nz(P)).

This implies that G = G/Q satisfies the hypothesis of the theorem.

By the minimality of G, we have that G/Q € F. If Q < ®(G), then G € F as F is
a saturated formation, contrary to the choice of G. Therefore @ € ®(G) and hence there
is a maximal subgroup M of G such that G = QM. Let M, be a Sylow g-subgroup of M.
Then G, = QM, is a Sylow g-subgroup of G. Now let G be a maximal subgroup of G,
containing M. Then Gy = My(GoN Q) and denote Q; = GoNQ. Then Gy = M,Q, and
Q. NM = Q@nN M. On the other hand, for any Sylow r-subgroup M, of M with r # g,
since

2([Q.0°(@M,)]) < 2([@,07(6)]) QM. < Z(C) N QM, < Z(QM,),

QM, is p-nilpotent by Theorem 2.1 and so QM, = @ x M,. This means that Q, M, is a
group and so is Q1{My, M, | M, € Syl.(M),r # q) = QM. Note that Q, "M = QN M.
We have that Q; M < G and so that @; M = M by the maximality of M in G. Therefore
M, = M,Q, = G, is a maximal subgroup of G, = @QM,; in particular, Q) normalises
M,. This implies that @ normalises M and so M is a normal subgroup of G. Hence
G/M = Q/(QN M) e N C F. Consequently, G/(QN M) € F. Clearly, QNM < Q.
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With the same argument, we know that there exists a normal subgroup @, of G contained
in @ N ®(G) such that G/Qy € F. Thus we have G € F, a final contradiction.
The proof of Theorem 3.2 is complete. 0

THEOREM 3.3. Let F be a saturated formation containing U, the class of super-
solvable groups. Let H be a normal subgroup of a group G such that G/H € F. If for
any prime divisor p of |H| and any Sylow p-subgroup P of H, every minimal subgroup
of PN O is complemented in Ng(P), then G lies in F, where O = [P, OP(G)].

PRrROOF: Suppose that the theorem is false and let GG be a counter-example of minimal
order. Since [P,OF(H)] < O and Ny(P) < Ng(P), by [6, Lemma 1(1)], every minimal
subgroup of PN [P,O?(H)] is complemented in Ng(P). By applying Theorem 2.4, we
know that H has a Sylow tower of supersolvable type. Now let ¢ be the maximal prime
divisor of [H| and @ a Sylow g-subgroup of H. Then @ is a normal subgroup of G. Let
G =G/Q and H = H/Q. Then G satisfies the hypothesis of the theorem.

Clearly, G/H € F. For any Sylow p-subgroup P = PQ/Q of H, Ng(P)
= Ng(P)Q/Q and PN O = (PN O)Q/Q, where P € Syl,(H) and p # q. Now for
every element T of order p in P N O, we have that T = zQ for some element £ € PN O,
By hypothesis, there is a subgroup K of Ng(P) such that Ng(P) = {z)K and (z)NK = 1.
Then Nz(P) = (@)K. If (z) N KQ # 1, then (z) < KQ and so Ng(P)Q = KQ. Conse-
quently, (K|, = |[KQl, = 'NG(P)QL, = |NG(P)|p. Thus {z) < P < K, a contradiction.
Hence (z)NKQ =1andso (z)NK =1.

By the minimality of G, G/Q € F. For any maximal subgroup M of G, if Q) is not
contained in M, then G = QM. Let M, be a Sylow ¢g-subgroup of M. Then G, = QM,
is a Sylow g-subgroup of G. Now let G be a maximal subgroup of G, containing M,;
then Gy = M,(Go N Q). Write Q; = Go N Q; then Gy = M,Q, and M;N @, = M, N Q.
Furthermore, |@Q : @] = [M,Q : M,Q:| = |G, : Go| = g, that is, @, is a maximal
subgroup of Q. Now, we consider the following two cases:

(a) [Q,0%G)] = 1.

For any prime divisor r of |[M|] with r # ¢ and any Sylow r-subgroup M, of M,
QM, = Q x M, because (@, M,] < [Q,O"(G)] = 1. This implies that Q, M, is a group
and so also is Qu{My, M;|r # q@) = QM. Bt QM < Gas QiNM =QNM, so
Q\M = M, that is, @, € M. Therefore Q N M = @, is a maximal subgroup of Q. By
Lemma 3.1, G lies in F, a contradiction.

(b) [Q.0%G)] # 1.

Since @ and O%G) are both normal in G, [Q, OQ(G)] is also normal in G. Let N be
a minimal normal subgroup of G contained in [Q,0%(G)] and take an element y in N of
order q. Then, by the hypothesis, there is a subgroup K of G such that G = (y)K and
(¥) N K = 1. It is clear that N N K is a normal subgroup of G, so NN K = N or 1 from
the minimal normality of N in G. f NN K = N, then (y) € N < K, a contradiction.
Hence NN K =1 and so N = (y) is a normal subgroup of G of order ¢. On the other
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hand, K satisfies the hypothesis of the theorem. In fact, K/(Q N K) = G/Q € F. Note
that [@Q N K,0%K)] < [@,0%G)]. By [6, Lemma 1.1(1))], every minimal subgroup of
[Q NK, 0K )] is complemented in K. Thus the minimality of G implies that K € F.
Now we have that G/N = K € F. By Lemma 3.1, G € F, a final contradiction.

The proof of Theorem 3.3 is now complete. 0

COROLLARY 3.4. ([5, Theorem 2.4].) Let F be a saturated formation containing
U, the class of supersolvable groups. And let H be a normal subgroup of a group G such
that G/H € F. If for any Sylow subgroup P of H, every minimal subgroup of PNG' is
complemented in Ng(P), then G lies in F.

REMARK 3.5. Theorem 3.2 and 3.3 are not true for non-saturated formation. For ex-
ample, let F be the formation composed of all groups G such that G¥, the supersolvable
residual, is elementary Abelian. It is clear that &4 C F and F is not a saturated for-
mation. Let G = SL(2,3) and H = Z(G). Then G/H & Ay, so G/H € F. Other
hypothesis in Theorem 3.3 are satisfied as is easy to see. But G does not belong to F.
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