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A NOTE ON DERIVATIONS OF A SULLIVAN MODEL

RUGARE KWASHIRA

ABSTRACT. Complex Grassmann manifolds G,  are a generalization of
complex projective spaces and have many important features some of
which are captured by the Pliicker embedding f : G, — cph-1
where N = (). The problem of existence of cross sections of fibrations
can be studied using the Gottlieb group. In a more generalized context
one can use the relative evaluation subgroup of a map to describe the
cohomology of smooth fiber bundles with fiber the (complex) Grassmann
manifold G, . Our interest lies in making use of techniques of rational
homotopy theory to address problems and questions involving applica-
tions of Gottlieb groups in general.

In this paper, we construct the Sullivan minimal model of the (com-
plex) Grassmann manifold G, ; for 2 < k < n, and we compute the
rational evaluation subgroup of the embedding f : G, — cpN-1,
We show that, for the Sullivan model ¢ : A — B, where A and B are
the Sullivan minimal models of CPN~1 and G,k respectively, the eval-
uation subgroup Gn (A, B; ¢) of ¢ is generated by a single element and
the relative evaluation subgroup GL° (A, B; ¢) is zero. The triviality of
the relative evaluation subgroup has its application in studying fibrations
with fibre the (complex) Grassmann manifold.

1. Introduction

The discoveries by Quillen [11] and by Sullivan [12] that associate to a topo-
logical space X an explicit algebraic model, gave a computational power to
rational homotopy theory. Sullivan algebras and models and Quillen mod-
els provide an effective computational approach to rational homotopy theory,
where, in each case, the rational homotopy type of a given topological space
is identified with the isomorphism class of its algebraic model. Similarly, the
rational homotopy type of a continuous map between spaces is the same as
the algebraic homotopy class of the corresponding morphism between models.
Thus, the rational homotopy of a simply connected topological space is identi-
fied with the corresponding Sullivan minimal model. Let G,, ;, be the (complex)
Grassmann manifold of k-dimensional vector subspaces of C™. The (complex)
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Grassmann manifold G, is a homogeneous space that is simply connected,
so we may associate a Sullivan minimal model. Grassmann manifolds are use-
ful in the study of problems in topology, algebraic topology and differential
geometry. For instance, Grassmann manifolds provide non trivial fibrations
which have applications in other areas of algebraic topology like the theory of
fiber bundles, for example, in sphere bundles which are fiber bundles with fiber
an n-sphere. Let m : E — B be a fibration. A section (cross section) of a
fiber bundle 7 is a continuous map f : B — E such that (7f)(z) = z for
all x € B. Since bundles do not in general have globally defined sections, one
purpose of study would be to account for their existence locally. Let R™ be the
Euclidean n-space, and let T,,(S"~!) C R" be the tangent space to the unit
sphere S”~! at . A continuous tangent vector field on the sphere S"~! is a
function T : §"~! — R™ such that Y(z) € T,(S" 1) for all z € S"~!. The
existence of sections is closely related to the problem of existence or number
of vector fields on a sphere. For the real Stiefel manifold V,, j, it is known that
S™~1 has k — 1 linearly independent vector fields if and only if V,, , — S™~!
admits a section.

Let X be a based CW-complex. An element [g] € m,(X,zo) is said to
be Gottlieb if there exist a continuous map ¢4 : X x " — X making the
following diagram

o(id
Xven YUk

|

X x 8™

commutative, where 17 : X V X — X is the folding map. The set of all
Gottlieb elements [g] € m,(X, zo) is denoted by G, (X,z¢) and is called the
Gottlieb group or the n-th evaluation subgroup of m,(X,zo) [4]. Gottlieb
groups have many applications in topology, covering spaces, fixed point theory,
homotopy theory of fibrations. The existence of cross-sections can also be
studied using the Gottlieb group. For instance G, (X) = 0 implies that every
fibration X — E — S™*! has a section. Thus, triviality of Gottlieb groups
is related to the cross section problem of fibrations. Various authors have given
results on Gottlieb groups of Stiefel manifolds, homogeneous spaces, lens spaces
making use of fibrations (see [4,6-8]).

One can use a more generalized and adapted concept of the Gottlieb group
to study the cross section problem for fibrations with fiber the (complex) Grass-
mann manifold G,  and questions involving applications of Gottlieb groups in
general.

Let f: X — Y be a based map of simply connected CW complexes, let
map(X,Y; f) be the path component of the space of (unbased) maps from
X to Y homotopic to f and let w : map(X,Y; f) — Y be the evaluation
map. The map induced in homotopy groups wy : m,(map(X,Y’; f)) — w(Y)
by the evaluation map satisfies that it has as image the evaluation subgroup
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G.(Y,X; f). The Gottlieb group G, (X) for a space X is special case X =Y
and f = 1. The map w : map(X,X;1) — X can be identified with the
connecting map in universal fibrations for fibrations with fiber X. Gottlieb
groups are important objects for the study of fibrations with fiber X. There
are not many explicit computations of G, (X) in literature. A major difficulty
being the fact that the map f : X — Y is not necessarily a Gottlieb map
[14], since f3(Gn(X)) is not a subset of G,,(Y) in general, but it induces a
map fy : Go(X) — G,(Y, X; f) which fits into a general framework of a G-
sequence of f [13] given by the image of the long exact homotopy sequence
of fi : map(X, X;1) — map(X,Y; f) in the long exact homotopy sequence
of f. Now, the induced homomorphism on rational homotopy groups wy :
mn(map(X,Y; f)) — 7(Y) can be identified with the map of complexes of
derivations constructed from the Sullivan minimal model of f [3]. Thus, the
characterization of the evaluation subgroup G,,(A, B; ¢) in terms of derivations
is a consequence of the particular Sullivan model for the map (also see [1,2]).
In their paper [9] Smith and Lupton characterized the Gottlieb groups and the
rational evaluation subgroups through derivations of Sullivan minimal model
of the space. The construction of minimal models of the Grassmann manifolds
Gp.r can be found from the work of Sullivan [12] and others. However we
have not found references on explicit descriptions depending on parameters n
and k. In Section 3 we construct the Sullivan minimal model of the (complex)
Grassmann manifold G, ;. In Section 4 we discuss the evaluation subgroup
of the map f : Gy — CPN~! where N = (}) and compute the relative
evaluation subgroup.

2. Preliminaries

Throughout this paper, spaces are assumed to be 1-connected finite CW-
complexes. Let k be a commutative ring with 1 and (A4, d) a graded cochain
algebra over k. A Sullivan algebra is a cochain commutative graded algebra of
the form (AV,d) where d is a differential, that is, d is a linear map d : V — V'
such that d(zy) = (dz)y + (—1)%8%z(dy); z,y € V. The Sullivan algebra
(AV,d) is called minimal if dV C AZ2V. Sullivan minimal models have been
used to describe the rational homotopy of a space. For k = Q any simply
connected space, X has a model (AV,d) such that

H(AV,d) = H*(X,Q), V" ~Homy(m,(X),Q).

Let A be a cochain algebra. A derivation 6 of degree p is a linear map such
that 0(AF) C A¥=P and verifies

0(xy) = (z)y + (—=1)""lx6(y).

If 61,05 € Der(A), then [0,05] = 0,05 — (—1)191119210,0, and 66 = [d,6]. The
space (Der(A),d) of derivations of A is a differential graded Lie algebra. If
(AV,d) is the Sullivan minimal model of a space X, an element v € V" ~
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Homy (7, (X), Q) represents a Gottlieb element of 7,(X) ® Q if and only if
there is a derivation 6 of AV verifying (v) = 1 and such that [d, 0] = 0 [3].

3. Minimal model of G,

In this section we will consider G, » to be the complex Grassmann manifold
of k-dimensional vector subspaces of C". The Grassmann manifold G, 1 is a
homogeneous space that is simply connected. The following theorem gives a
procedure for computing Sullivan models for homogeneous spaces.

Theorem 1 ([5, Chapter X1.4]). Let H be a closed connected subgroup of a
compact connected Lie group G. Denote by i : H — G the canonical inclu-
sion and by Bi : BH — BG the induced map. Let H*(BG;Q) = AV and
H*(BH;Q) = AW be the respective cohomology algebras BG and BH. Denote
by sV a copy of the vector space V' shifted by one degree, |sv| = |v|—1, v € V.
Define a differential V- on AW @ A(sV) by dw = 0 and d(sv) = H*(Bi)(v) if
sv € sV. Then the commutative differential graded algebra (A\W @ A(sV'),d) is
a Sullivan model for the homogeneous space G/H. In particular H*(G/H;Q) =
H(AW @ A(sV),d).

Note that the above model is not necessarily minimal. We compute the
Sullivan minimal model of the space G, , and we give the following result.

Theorem 2. (i) The minimal Sullivan model of G, i, is given by

(A (@25 -+ T2k, Yo (nek)415 - - s Y2(n—1)+1); d),

where d is the differential given by dx; =0 and dyan—¢)41 € N(T2, ..., Tar)-
(ii) The generators yYa(m—r)+1,- - > Y2(n—1)+1 are Gottlieb elements.

Proof. (i) The model

(/\(.TQ, Tgyeooy T2k, y2(n71)+1a s 7y2(n7k3)+1) & /\(ZQ(nfs)+l7 d)a

where s = 1,2,...,n, is not minimal. Make change of variables and con-
sider the acyclic ideal I = (va, vy, ..., Vak, Za(n—s)+1), Where dz; = va, dz3 =
Vay ooy d2o(nog)y1 = V2g for s =k +1,...,n.

Taking the quotient with the acyclic ideal we obtain the minimal model

(/\((EQ, Ty 7x2kt) & /\(yZ(nfl)+17 ey yQ(nfk)+1)7 dl)7
where d'z; =0, d'ya(n—t)+1 € N@2, Ta,...,x2p) for t =1,... k.
(ii) Denote by (Ya(n—t)+1,1) the derivation 05,411 such that
O2n—t)+1(Y2(n—t)4+1) =1

and zero on other elements of the basis.
Therefore [d', 02(n—t)+1](Y2(n—t)+1) = 0.
Hence the generators ya(,—¢)41 are Gottlieb elements for t =1,... k. O

We give the following example for k = 2.
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Example 3. (i) The Sullivan minimal model of G,, 2 is given by

(/\(332; T4,Y2n-3, y2n71)7 d)a
where dxy = dzy = 0 and dy; € A(x2,x4) where i = 2n — 3, 2n — 1.
(ii) The generators ys,_3 and yo,—1 are Gottlieb elements.
First we observe that the model

(/\(732’33479% Yqy - 7y271—4) & /\(Z17 B3y ey 2271—1)? d)

is not minimal. We make change of variables and the following substitutions,
let

V2 = T2 + Y2,
Y2 = V2 — T2,
Vg = ToY2 + T4 + Ya,
Ya = Vg — T2Y2 — T4,
Vj+1 = T2Yj—1 + TaYj—3 + Yj+1,
Yi+l = Vjp1 — T2Y;—1 — T4Yj—3; J = 3,5,...,2n — 3.
Therefore dz; = va,...,dz; =vj41, 5 =3,5,...,2n — 5. Let
I = <”U2,’U4, ey U2 —4,219235 -+, Zgn_5>.
The ideal I is acyclic and dz; =0 for ¢ =1,3,...,2n — 5.

Secondly, let Der,, (A(z2, T4, Y2n—3, Y2n—1), d) be the vector space of positive
derivations that reduce degree by n. Denote by (y;, 1), i = 2n — 3,2n — 1 the
derivation 6; such that 6;(y;) = 1 and zero on other elements of the basis. We
have [d, ;] = df; — (—1)|9i|9id = df; = 0 since dy; € A(xa2,x4). Therefore
[d,6;](y;) =0 for i =2n — 3, 2n — 1.

4. Evaluation subgroups of a map

Consider the embedding f: G, < CPYN=1 where N = (), 2 < k <
[%], n > 3.

The hypothesis that k& < [%] is not a restriction since Gy, 1, = G n—k-

The minimal Sullivan model of CPY~! is given by (A (72, y2n_1),d) where d
is the differential given by dzs = 0, dyay_1 = z2" ! and the Sullivan minimal
model of f is given by

¢ (M2, yan—1),d) — (A (T2, Toks Yo(n—k) 415 - - - > Y2(n—1)+1), d ),

where ¢ is defined as follows: ¢(x2) = o2, ¢(yan_1) = @ where d’'(a) = 2.

We study the evaluation subgroups of ¢.

Following [9], let ¢ : A — B be a map of differential graded algebras, define
a ¢-derivation of degree n to be a linear map 6 : A — B that reduces degree
by n and satisfy 0(zy) = 0(z)o(y) + (—1)"*lé(2)0(y). Consider the vector
space of ¢-derivations Der, (A, B; ¢) which are derivations that decrease degree
by some positive number n. When n = 1, we restrict to derivations 6 such that
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dpof+0ods = 0. The differential D is defined D(0) = dgof — (—1)1l0od4

where d 4 and dp are the differentials for A and B respectively. Pre-composition

with ¢ gives a chain complex map ¢* : Der(B, B; 1) — Der(A4, B; ¢) given by

¢*(0)(a) = 6(¢(a)) and post-composition by the augmentation ¢ : B — Q

gives €, : Der, (A4, B;¢) — Der,(A,Q;e) given by e.(¢)(a) = e(p(a)) for

¢ € Der,(A, B; ¢). Note that the augmentation £ will be either of A or B.
The evaluation subgroup of ¢ is defined by

G.(A, B;¢) = im{H (e,) : Hy(Der(A, B; ) — H,(Der(A4,Q;¢))}.

The Gottlieb group of the differential graded algebra (A, d4) is obtained as a
special case

Gn(A, A;id) = im{H (e.) : H,(Der(A, A;id) — H, (Der(A,Q;¢))}.

In particular G, (A, A;id) = G,,(X) where A is the Sullivan minimal model of
X.

Proposition 4. Let A and B denote the minimal models of CPN =1 and G,
respectively where N = () and let f : G, ), — CPN~1 be the embedding.
Define ¢ : A — B as follows: ¢(z2) = x2 and ¢(yan_1) = o, | d'a = 2.
Then Gy (A, B; ¢) = (pan—1) where pan—1 € Der(A,Q;e).

Proof. We have H,(Der(A,Q;¢e)) = (pan—1). Let A € Der(A, B;¢) such
that A(yany—1) = 1 and A is zero on x5. Clearly A € H,.(Der(A, B;¢)) and
H(ex)(A) = pan—1 0

Following [10], let ¢ : A — B be a map of differential graded vector spaces,
the mapping cone of ¢ denoted by Rel.(¢) is defined as follows: Rel,(¢) =
A, 19 B,, with the differential §(a,b) = (—da(a), ¢(a) + dp(b)). Define inclu-
sion and projection chain maps J : B,, — Rel,,(¢) and P : Rel,(¢) — Ap—1
by J(b) = (0,b), P(a,b) = a.

We have short exact sequences of chain complexes

0 — By 5 Rely(¢) = Ay — 0

and a long exact sequence in homology

HL?)

oo = Hyy1(Rel,(¢)) — Hy(A) H,(B) = Hy(Rel(¢)) = - .

We consider the commutative diagram:

Der,(B, B;1) —— > Der.(A, B; ¢)
Der.(B,Q;¢) al Der,(A,Q;¢)
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and we have the following homology ladder,

Y g (Rel(0t) 2L B, (Dex(B, B; 1)) 2L 1, (Dex(A, B; ¢)) .
lH(E*,E*) lH(e*) lH(s*)
Y g (Re(60) 2L b, (Der(B, @ e)) L B, (Der(4, Qi)

for n > 2.
The nt" relative evaluation subgroup of ¢ is defined by

G (A, B;¢) = im{H (e.,e.) - Hu(Rel(¢")) — Hy(Rel(¢7))}.
Theorem 5. G"¢(A, B; ¢) = 0.

Proof. H,(Rel(¢*)) = 0. We have Rel,(¢*) = Der,_(A,Q;e) @ Der, (B, Q;¢)
and H,(Der,(A,Q;¢)) = (pan—1), Ho(Deri(B,Q;¢)) = (fa(n—t)+1), where
O2(n—t)+1 € Der(B,Q;¢), t=1,... k.

We have G*(B) = <62(n—k)+17 ey 92(n—1)+1> and G*(A, _B7 ¢) =

We claim that 2n—1 < 2N —1, that is, n < N where N = (% ),2 < k < [%},
n > 3.

For k =2, we have N = (}) = (an!)m = ”("2_1) > n. Suppose the inequal-

ity holds for k, that is, (n%k'),k, >n and we prove for k + 1. We show that
n n _ n! _ n! n—k

N >nfor2 < (k+1) < [5]. Now (,}1) = D (n—k—1)T — Mn—F) ki1 =

since Z—I_’f > 1.
Since N > n therefore Rel.(¢*) = 0. From
GT°U (A, B; ¢) = im{H (e,,e.) : H,(Rel(¢*)) — H,(Rel(¢*))}
we have G7¢ (A, B;¢) =0 O

Question 6. Does triviality of the relative evaluation subgroup provide us
with information on the cohomology of smooth fiber bundles with fiber complex
Grassmann manifold G, 7
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