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The rational homotopy Lie algebra of function spaces

Urtzi Buijs and Aniceto Murillo*

Abstract. In this paper we fully describe the rational homotopy Lie algebra of any component of
a given (free or pointed) function space. Also, we characterize higher order Whitehead products
on these spaces. From this, we deduce the existence of H -structures on a given component of a
pointed mapping space ¥, (X, Y; f) between rational spaces, assuming the cone length of X is
smaller than the order of any non trivial generalized Whitehead product in 7, (Y).
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1. Introduction

Starting with the work of Thom [15] and followed by that of Haefliger [9], the rational
homotopy type of function spaces has been extensively studied. However, there is
no explicit and complete description of the homotopy Lie algebra structure of such
spaces, and only special cases are known.

Denote by # (X, Y) (resp. Fx(X, Y)) the space of free (resp. based) maps from
X to Y. From now on, X and Y are assumed to be nilpotent complexes with X
finite and Y of finite type over Q. In this way the components of both £ (X, Y) and
F«(X, Y) are nilpotent CW-complexes of finite type over Q and can be rationalized
in the classical sense.

If dim X < connY (so that £ (X, Y) is connected) M. Vigué [16] showed that
the homotopy Lie algebra 7, F (X, Y)g (resp. m«F%(X, Y)g) is isomorphic as Lie
algebra to H*(X; Q) ® m(Yg) (resp. HTX;Q ® m«(Yg)). Later on, Y. Félix [6]
used essential properties of this homotopy Lie algebra to show, among other deep
results, that the Lusternik—Schnirelmann category of the mentioned components is
often infinite. It is also important to remark that in [5], F. Da Silveira describes a
Lie model for any component of the space of sections of a given fibration which, in
particular, yields a Lie model for function spaces.

*Partially supported by the Ministerio de Ciencia y Tecnologia grant MTM2004-60016 and by the Junta de
Andalucia grant FQM-213 and FQM-02863.
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Following the Brown—Szczarba approach [3] to the Haefliger model of function
spaces [9], we first obtain a natural description of its rational homotopy groups in
terms of derivations. Then we give a full and explicit description of the homotopy
Lie algebra structure of £ (X, Y)g and ¥, (X, Y)g. Let us be more precise:

Let (AV, d) be a Sullivan model, not necessarily minimal, of Y, i.e., a cofibrant
replacement of a commutative differential graded algebra (CDGA henceforth) homo-
topy equivalent to C*(Y; QQ), and let B be a finite dimensional CDGA of the homotopy
type of C*(X; Q). Then there is a model of ¥ (X; Y) of the form (A(V ® B.), d~)
(see the next section for proper definitions and details). By a model of a non con-
nected space (or a map between non connected spaces), we mean a Z-graded CDGA
(or a CDGA morphism), whose simplicial realization has the homotopy type of the
singular simplicial approximation of the chosen space or map.

Moreover, given a map f: X — Y, there is a standard procedure [13] to pro-
duce a Sullivan model (A Sy, d) (in fact, the Haefliger model) of the nilpotent space
F(X,Y; f), the path component of ¥ (X, Y) containing f.

Our first result is that the space of the indecomposables of this model (S¢, Q(c?))
is isomorphic as differential vector space to (Der(AV, B; ¢), §), the ¢-derivations
from AV to B, where ¢: AV — B is a model of f. From this, via the classical
characterization of rational homotopy groups in terms of the indecomposables of a
cofibrant model [2, Theorem 12.7], we immediately obtain:

Theorem 1. (i) Forn > 2:

T (F (X, Y5 f)o) = Hy(Der(AV, B; ¢),6),
mn(F(X, Y5 f)g) = Hy(Der(AV, By; ¢), 8).

(i) Forn = 1:

T(71(F(X,Y: f)g) = Hi(Der(AV, B; ¢), 8):;
L (71(Fe(X, Y5 f)g) = Hi(Der(AV, By; ¢), 8).

Remark 2. (i) For a given nilpotent space Z, I'(7r1 Zg) denotes the rational vector
space

m
@Pri/riaeq,
i=1
where
mZ=I1D20D>---DIy ={1}

is the lower central series of 771 Z. In particular, dim I'(m1 Zg) = rk 7, Z.
(i1) The extended version of this theorem in Corollary 7 includes as particular
cases the main results in [11, Theorem 2.1] and [12, Theorem 1].
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Then we proceed to fully and explicitly describe the Lie bracketon . F (X, Y'; f)o
and 7. 7, (X, Y; f)g in terms of derivations:

Theorem 3. The differential linear map of degree 1
[, 1: Deri(AV, B; ¢) ® Der(AV, B; ¢) —> Der(AV, B; ¢),

defined by

o, 1) = (DTSN e gy by By v0R DY W),
i#]j
inwhichdv =) vy ...v and ¢ is the sign defined in Remark 11 below, induces the
Whitehead product in homology. Moreover, the restriction to

[, ]: Ders(AV, B4; ¢) @ Der(AV, B4; ¢) — Der(AV, By; ¢),
also induces the Lie bracket in m,. (X, Y; f)q.

A similar result gives also an explicit description of higher order Whitehead prod-
ucts (see Theorem 15).

As an immediate application we generalize the result of Vigué stated above: If we
denote by *: X — Y the constant map, 7, (F (X, Y; *)q) (resp. m, (Fx(X, Y; *)q))
is isomorphic as Lie algebras to H*(X; Q) ® m.(Yg) (resp. H " X;Q ® 7+ (YQ)).

Finally, from Theorem 3 we may generalize [8] and [10, Theorem 1.2]. For a
given space Y, denote by dlY the least n (or oo) for which there is a non trivial
Whitehead product of order n in .. (Yg) (see Section 3 for more about this invariant).

Theorem 4. Ifcl Xg < dl Yg, then (X, Y; f)q is an H-space for all f. Equiva-
lently, its rational cohomology algebra is free.

Here, cl X denotes the cone length of the space X which is a well-known numerical
invariant [4]. It coincides with the strong LS-category, and therefore, it is bounded
by cat X and cat X + 1.

We thank Professor Barry Jessup for very helpful advise.

2. Basics of rational homotopy theory of function spaces

We shall be using known results on rational homotopy theory for which [7] is a
very good and standard reference. We now recall some specific facts on the rational
homotopy type of a function space F (X, Y) starting by its Brown—Szczarba model.

Consider A = (AV,d) =LA pr(Y) a Sullivan model, not necessarily minimal, of



726 U. Buijs and A. Murillo CMH

Yand B — A pL(X) a quasi-isomorphism with B a connected finite dimensional
CDGA. Let B, = hom(B, Q) be the differential graded coalgebra dual of B, and
consider the Z-graded CDGA A (A ® B.) with the natural differential induced by the
one on A and by the dual of the differential of B. Now, consider the differential ideal
I C A(A® B,) generated by 1 ® 1* — 1 and by the elements of the form

aiar ® B — Y _(~DCIF 4y ® ;') ar ® B;").

J
aj,az € A, B € Bi,and Ap =3} ; Bi’ ® B;”. Then, the composition
p: A(V®B,) CA(AR®R B,) — A(AR® B,)/I

is an isomorphism of graded algebras [3, Theorem 1.2], and therefore, considering
on A(V ® B,) the differential d = p~ldp, p is also an isomorphism of CDGA’s.
Then, (A(V ® B,), j) is a model of F (X, Yg) [3, Theorem 1.3]. In other words,
S+F (X, Yg) and the simplicial realization of (A(V ® B.), d) are homotopy equiva-
lent.

In order to explicitly determine d on v ® 8 € V ® B, calculate (dv) @ B +
(—1)"'v®dp and then use the relations which generate the ideal / to express (dv)® B
as an element of A(V ® B,).

We now explain how to obtain Sullivan models (in fact the Haefliger models) of
the different components of (X, Y) [3], [9], [13]. For this we need some algebraic
tools: let (AW, d) be a CDGA in which W is Z-graded, and let u: AW — Q be an
augmentation. Given ® = o -V, a € (ATW?% and ¥ € A(W#0), we denote by ®/u
the element u (o) W. Define a linear map 3: W — W! as follows: given w € W9,
write dw = ®g + @1 + Oy, with g € (ATW=0) . (AW), & € (ATWO) - W1,
®, € W!, and define d(w) = @1 /u + ®,.

Call W! a complement of the image of this map, W! = dW° @ W!, and define
the CDGA (AW! & W22, d) as follows:

Given w € A(W! @ W=2) write dw = ®g + ®; + &5 + ®3, in which ®¢ €
ATW=C AW, &1 € AT@OW?) - AWZ0, &y € (ATWO) - AW! @ W=2) and
®3 € A(W! @ W=2). Define dw = ®5/u + 3.

Note that if we have in W a basis {w;} for which dw; € AW_;, then the image
of this basis in (AWl ® W2, cf) makes it a Sullivan model. However, even when
d is decomposable in AW, d might not be, i.e., (A wle w2, &) is not necessarily
minimal. This depends on u. In fact, as we just remarked, for each w € W, ®,/u
could contain a linear part.

Next, consider (A(V ® By), c?) the model of the function space ¥ (X, Y) and let
¢: (AV,d) — B be amodel of a given map f: X — Y. The morphism ¢ clearly
induces a natural augmentation which shall be denoted also by ¢ : (A(V ® B,), d ) —
Q. Applying the process above to this particular case yields a CDGA (A Sy, d) =



Vol. 83 (2008) The rational homotopy Lie algebra of function spaces 727

(AV® B. ® (V ® B,)>2, d) which turns out to be a Sullivan model of £ (X, Y; f).
Moreover, the CDGA morphism

wo: (AV,d) — (ASy.d) = (AV® B ® (V ® B2, d),

wo(v) = v ® 1*if v € V2, orits projection over V ® Bi if v e V1, is a Sullivan
model of the evaluation at the base point wg: F (X, Y; f) — Y [13, Corollary 22].
While wg(v) could vanish if |v| = 1, when (AV, d) is 1-connected,

wo: (AV,d) — (ASy.d),
is a KS-extension or a relative Sullivan algebra. The fibre, which is of the form
- ~ —1 -
(A(Sp/V).d) = (AVR B, & (V® By)™?.d),

is a Sullivan model of the fibre of wg: F (X, Y; f) — Y,ie, of F (X, Y; f).

Finally, we set some notation: for any pair V, B of Z-graded vector spaces, denote
by L(V, B) = {£L,(V, B)},>0 the graded vector space of its homomorphisms. In
particular, the dual of a given object (except for B,) shall be denoted by L(—, Q).
There is a natural isomorphism

@: L(V,B) —= L(V® B,.Q), O@)(v® p) = (—)FIHD gg(p)).

Given a CDGA morphism ¢: A — B, call (Der(A, B; ¢), §) the differential
graded vector space where Der, (A, B; ¢) are the ¢-derivations of degree n, i.e.,
linear maps 6: A* — B*~" for which 6(ab) = 0(a)¢ (b) + (—1)"I¢(a)0(b). The
differential is defined as usual 86 = d 00 + (—1)"T10 o d. Note that when A = AV,
Der(AV, B; ¢) = L(V, B) as graded vector spaces via the identification 6 +— 0|y .
We shall denote also by

®: Der(AV, B: ¢) —— L(V & By, Q)

the isomorphism above under this identification.

3. Rational homotopy groups of function spaces

In this section we prove Theorem 1 and extract some consequences. Hereafter, and
to avoid excessive notation, given any nilpotent space Z, whenever we write 71 Z we
shall mean I"(;r1 Z) (see (i) of Remark 2).

With this in mind, consider the Sullivan model (A S, d) of F(X,Y; f) and
recall that [2, Theorem 12.7] 7, ¥ (X, Y; f)q is naturally isomorphic to the dual of
H"(Sp, O(d)), n > 1, with Sg = Q(ASy) = ASy/(AT Sy - ATSy) being the space
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of indecomposables. In other words, the rational homotopy of the f-component of
the function space is encoded in the dual of the homology of the following complex:

—1 d d d
0— Vo5 2% ven) 2% ves)y L9 ...

However, as (V ® B*)l =0V B*)0 OV B*l, this is exactly the homology
of this slightly different complex:

08 0(d) 2 0@

Our main result in this section is that the dual of the complex above is isomorphic
to (Der(AV, B; ¢), §) via the map ©® defined in Section 2. We prove:

Theorem 5. The following diagram commutes:

0®0(d))* Q(d)*

Lo(V ® By, Q) <— £1(V ® B, Q) Lo(V @ By, Q) L9 ..

~ ~ ~

=0 =0 =0

)

Derg(AV, B; ¢) <— Deri(AV, B: ¢) Dery(AV, B; ¢p) ~—o .- .

Proof. Here, for simplicity in the notation, we write 0(d)* instead of L(Q(d), Q).
For the same purpose we shall omit signs and write just +. However, a careful use
of Koszul convention leads to proper sign adjustments.

We first show that, for n > 2, the square

0(d)*

°Cn(V®B*, Q) °CI1+1(V®B*aQ)

~ ~

(C] (C]

8

Der,(AV, B; ¢) Der,+1(AV, B; ¢)

commutes. On one hand, given 6 € Der,,+1(AV, B;¢)and v ® 8 € (V @ By)",
(®30)(v ® B) = £B (86 (v)) = £B(d(0(v))) £ B(O(dV)). ()
On the other hand,

(Q(d)*'©0)(v® B) = £OO(Q(d) (v ® B)) = £OO({dv ® B} £ v ® df)
= £00({dv ® B}) £ (dB)(0(v)) = £O0({dv ® B}) = B(d(0(v))).

Here {dv ® B} denotes the indecomposable part of the image of [dv ® S] through
the morphism

(sk)

-1
A® B/l 2v A(V®B,) > AV® B, & (V®B)72) = AS,.
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To effectively compute {dv ® B} use first the relations which generates / to write
[dv ® B] as an element of A(V ® B,). Then, cancel all elements of negative degree
and their derivatives, and replace any element of degree zero by the corresponding
scalar via ¢. Finally, keep the linear part.

At the sight of () and (xx), it will be enough to prove:

Lemma 6. Given ® € AV, f € B, and 6 € Der.(AV, B; ¢), (00)({P ® B}) =
(—D)IBIAEIHI®D g (9 (D)).

Proof. Denote by Fp: B® B, — Qand Fpgp: (B® B) ® (B« ® By) — Q the
maps defined respectively by Fg(b®B) = (—1)!?!B(b) and Fpep(b@b' @B R B') =
(=1)PIPI+IbI41E'1 8 (h) B/ (b'). Then, if w is multiplication in B, it is easy to see that
the following diagram commutes:

(B® B) ® B, 1o, B ® B,

13®B®A Fp

Q.

To prove the lemma, assume that ® = AV and argue by induction on k. For k = 1,
® =v e Vand {v® B} = v® B for which the lemma holds by definition of ®.
Assume now ® = W - v with W € A1y, Again, to avoid excessive notation, we
shall omit signs:

Fpep

(BQ® B) ® (B« Q By)

BOW - v)) = B(O(¥)$(v) £ (¥)(v))
= Fp(O(W)o(v) ® B) = Fp(op(¥)0(v) ® B)
= £ Fpep(@(¥) ® ¢(v) ® AP) + Fpep(d (V) @ 0(v) @ AB)
= (a) + (D).

On the other hand,
CONREYIECOI D BE - VAT A
J

with A =3, B; ® B/. By definition of {, }, we may keep only those summands
for which one of the factors is of degree zero. Hence, the above equality becomes

[ |+1;1=0 [v]+18/1=0

= (e) + (f).
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Using definition and induction hypothesis we get

(= Y. OO RLwe L)

|+ 1=0

= ) EB/(0W)B] (¢ ()

|+ 1=0

= Y. *Fes@(V) @) QB @)
vl+18]1=0

= Fpep@(V) ® () ® AP) = (a).

Using repeatedly a similar argument one checks that (b)) = (e) and the proof is
complete. O

Finally, we see that

0®Q(d)*

Lo(V ® By, Q) ~— £1(V ® B,, Q) £2(V & By, Q)

~ ~ ~

(C] (C] (C]

Derg(AV, B ¢) > Der((AV, B: ¢)

Dera(AV, B; ¢)

commutes. For it note that given v ® f € (V ® B, d(v ® B) = {dv ® B} +
(—D)?y ® dB. Hence, using Lemma 6, and following exactly the above argument:

@ @O WB) = (—)T'O0(dv @B+ (—~D"v®dE) = (©5)(O) (v B),
which gives the commutativity of the left square. For the right square, write w €
(VOB asasumx +v® B, x €d(V®B),v® B eV B, . Then,
(0® 0@) 0 ©) O (w) = (=D (©0) (2@ (v ® B))
= (-D""(©@0)({dv ® B} + (—1)"'v ® dp)
= (®08)(O)(w).
and the proof of Theorem 5 is completed. g

Proof of Theorem 1. The free case of (i) and (ii) is immediate from Theorem 5. For
the based case consider the Sullivan model (A(Sy/ V), d) of F. (X, Y: f) recalled
in the past section, and observe that F(m(?'* (X,Y; f)@) and 7, (?'* (X,Y; f)@),
n > 2, are then isomorphic to the dual of the homology of the following complex:

—1 d d d
00— V®B,; &,(\/@&r)zﬂ,(1/@393&>

To finish, restrict Theorem 5 to the dual of this complex. O
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We now check that the above isomorphism is natural and respects the evaluation
map at the base point. Fix amap f: X — Y between nilpotent complexes of finite

type over Q and let Z be a finite nilpotent complex. Let A = (AW, d) % Apr(X)
and (AV,d) %) Apr(Y) be Sullivan models (again not necessarily minimal!) of

X and Y respectively, let C %) Apr(Z) be a quasi-isomorphism with C connected
finite dimensional, and let ¢ : (_A V,d) - (AW, d)be aSullivan model for f. Define

E:(A(V®Cy),d) — (AW®RCy),d), Ew®c)=p '[tv)®cl,

(A(V ® Cy),d) and (A(W ® Cy), d) being the models of F(Z, Y) and F(Z, X)
respectively,and p: (A(WRC,), d) —> (A(AQC,), d) /I the CDGA isomorphism
described in Section 2. In other words, to compute effectively £ (v®c) use the relations
which define I to express ¢(v) ® ¢ as an element of A(V ® C,). For instance, if
t)=wiwrand Ac =) ;¢ ® c}/, Ew®c) = Zi(—1)|w2||c§‘(w1 ® c) (w2 ® ).

Finally, let¢: (AW,d) - Cand¢o¢: (AV,d) - Cbemodelsof g: Z — X
and f o g: Z — Y respectively. Then [13, Theorem 24], the diagram

(ASy/ W, d) (ASpoc/V,d)
(ASy, d) : (ASpoz. d)
21} wo
(AW, d) d (AV,d)

is a Sullivan model of
= , () - _
J‘*(va7g) J‘*(Za Y?fog)
. ()« .
F(Z,X;8) F(Z,Y; fog)
wQ w(
X ! Y.

Hence in view of Theorem 1, the following corollary, which includes in particular
the main results in [11, Theorem 2.1] and [12, Theorem 1], is an easy exercise:
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Corollary 7. (1) Forn > 1, mp(fi)g: mnF(Z, X; 8)g = mnF(Z,Y; fog)g is
naturally equivalent to

H(gs): HpDer (AW, C; ¢) — HyDer (AV, C; ¢ 0 ).

(2) Moreover,

. () —
T, F(Z, X; 8)g R o, Fl(Z, Y fo8o

| |

o~ n(fx)
mF(Z, X; 8)o e | T F(Z,Y; fogo

b (wo)@l lﬂn (w0)o
7, (f)
7 (X)g = (Y

is equivalent to

Hy(Dery (AW, Cy: ¢)) — 28 H,(Der, (AV, Cyi o))

| |

H,(Der, (AW, C: ¢)) HC) | H,(Dery(AV,C; ¢o0))

H(s*)l lH(s*)
H,(Der, (AW, Q; &) ) H,(Der,(AV, Q: ¢)). 0

Remark 8. Note that (Der,(AV,Q;¢),8) = ((£(V, Q), Q(d)*) and therefore
H, (Der,(AV,Q; ¢)) is isomorphic to the dual of H*(V, Q(d)).

4. The Lie algebra structure

This section is devoted to the proof of Theorem 3 and its consequences. For that, the
following remark is essential:

Remark 9. Let (AV, d) be a Sullivan model of a nilpotent space X. Recall that d can
be written as the sumd = ) ;. d;, with d; (V) C A'V. The linear part d; = Q(d)
induces a differential on AV. The differential d’ induced by d on H*(AV,d;) =
AH*(V,d;) has no linear term and (AH*(V, d;), d’) is the minimal model of X.
The quadratic part, d} is then a differential which can be identified as the Lie bracket
on 74 (Xq) [14, 11.6.(16)]. More precisely, given the natural isomorphism 7 (Xg) =
Ly (H* (AV,dy), Q) and the multilinear map

(;,): AZH*(AV,d)) x m.(Xq) X 14(Xg) — Q,
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(@ A Bs v, Y1) = y1(@(B) + (—=1)PIly @)y (8),
it turns out that
[0, v1] (@) = (=1)PT Y dya; o, 1),

in whicha € H*(AV,dy), yo € mp(Xq), y1 € my(Xq).
In the same way, given the multilinear map

(i, NV X VEX o x VE— Q,

(V1. V5 %0, -+, Yj) = Z Siy.i;y1 (i) ...y (vi)),
i1,..., ij
where 6;, . ; ; is the expected sign induced by the Koszul convention, the higher order
Whitehead products on 774 (Xg) can be identified with the j-th part of d, via

1, Y1) = (=DP P gy,

each y; being of degree p; [1, Theorem 5.4] or [14, V.7(3)].

Consider now the component ¥ (X, Y; f) of a given function space and let
(ASy, d) be its Sullivan model defined in Section 2. We shall need a “quadratic"
analogue of Lemma 6. Given ® € AV and § € B,, denote by {® ® S}, the
quadratic part of the image of [® ® §] through the morphism

—1
A® By/I Y~ A(V®B,) > AV® B, @& (V® B>

To effectively compute {® ® B}, use first the relations which generates / to write
[® ® B] as an element of A(V ® B,). Then, cancel all elements of negative degree
and their derivatives, and replace any element of degree zero by the corresponding
scalar via ¢. Finally, keep the quadratic part.

Lemma 10. Let ® = v;...vx € AV, B € B, and ¢, ¥ € Der (AV, B; ¢) of
strictly positive degrees. Then,

({® ® B} Op, OF)
= (—)PILHEVIHED N "2 (g (vr ... D ... D) ... 0P W)Y (1)),
i#]
where ¢ is the sign produced by the Koszul convention and, for completeness, it is

explicitly given in Remark 11 below.

Proof. AsinLemma 6, to be clear in presenting our argument, we shall write &+ instead
of proper signs, and leave to the reader the straightforward task that the equality above
holds with the given signs.
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We proceed by induction on k. Let & = vjvy, assume A = ), B, ® B/ and
denote by I" the sum of all terms of Zr(—l)“sr"””'(vl ® B)(v2 ® B)) in which at
least one of the two factors is of degree 0. Then

(o102 ® B; Op, %) = (I %01 ® B)(v2 @ B) — T's O, OV ).

However, as ¢, ¥ are of positive degree, (I'; ®¢, ®1) = 0 and the formula above
becomes

D W1 ® B2 ® B)); Op, OF)
= +0¢(v1 ® BOY (12 ® B)) £ OY (11 ® B)Op(v2 ® )

= > BB (¥ (1) Bl (Y (1) B ((v2))

= +£Fpgr(p(v1) ® ¥ (12) ® AB) £ Fpep(V(v1) ® ¢(1v2) ® AB)
= +B(e) Y (12) £ B(¥ (vD)e(12))

which is the expected expression for k = 2.
Assume the lemma holds for k — 1 and let ® = v ... vg. On the one hand,

D BB D D))V (V)

i#]
=D 15vDe@OV ()
j#k
Y EBB D )Y (00) ]
ik
+ Y BB Di D vV () = (D) + (D).
el
On the other hand,

({v1... 0 ® Bho; Op, OF) = Y +({(v1 ... vh-1 ® Bk ® B)}2; Op, OYF).

In this formula, whenever vy ® B, is of degree 0, we can replace it by the scalar
¢ (vx ® B)) resulting in

Y e ® B v ® B O, OF)
[ ®B/|=0

+ Y v v ® B ® B)): Op, OF) = (1) + (I).
[ ®B;)1>0
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Applying induction we get
W)= > £ @1 BB )PV (W) B (D (W)
i#j,r
=) +Fpep(@@i... 0. b )OIV (V) ® (1) ® B @ B))
i#j,r
= +Fpep(¢pi... 0.0 ... )WDY (1)) ® $(vx) ® AB)
i#]j
=Y EFp(d @i DD v DDV () (10) © B)
i#]j
= > EB(Pr... DDy v D WP )Y () = ().
i#]
i,j#k

On the other hand,

) =) £0p({v1 ... v-1 ® BNOV (v ® B])

+ Y EOY({vr ... v ® B HOP((v ® B).

Applying Lemma 6 to this formula gives the following:
= Z B, (o1 ... v—1) B (¥ (v)) + Z B, (v (1 ... ve—1)) By (9 (0))

= Z :I:FB®B((p(U1 e Uk—1) @ Y (k) ® B ® ,3;/)

+ Fpep(¥(vi ... u—1) @ (v) ® B, @ B)
= +Fpep(er ... vk—1) @ ¥ (vr) ® AB)
+ Fpep (¥ (i ... v—1) ® o(vr) @ AB)
= £B(p1 - ve— DY () £ BV (V1 - vk—D(Vp)).

Finally, as ¢ and i are ¢-derivations, this last equation results in
D EB(Pr D v )WDY ()
i#k

+ Z iﬂ(¢(vl . ﬁ] . Uk_l)w(vj)(p(vk)) =)
J#k

and the proof is complete. a
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Remark 11. The sign ¢ of Lemma 10 clearly depends on i, j, ¢, ¥, vi, ..., v To

make it explicit consider the following notation: for each set ofindicesT" C {1, ..., k}
write
pr=_|val.
ngll

For instance, p<; j denotes |vi 1|+ --+|vj|+- - -+|vk| ifi < jor|vig1|+---+|vkl
ifi > j. Then,
&= (_I)Pi,j|(ﬂ|+Pj‘W‘+P§i,j|Ui|+Pi,§j‘Uj|.

Proof of Theorem 3. Letg, ¢ € Der(AV, B; ¢) be homogeneous derivations of pos-
itive degrees p and g respectively. In view of Theorem 1 and Remark 9, it is enough
to show that, for any v ® B € Sy,

Bly, ¥1(v ® B) = (—DPM " Hd) (v ® B); Op, OY),

where, as always, d, denotes the quadratic part of the differential in (A Sy, d). But
this holds by noting that ¢ and i are of positive degree, and applying Lemma 10.
Indeed:

(—1)P " Ydr (v ® B); O, OY)
= (P {dv ® Bl O, OF)
= (=D Y " ({ur .. u ® Bl Op, OY)

= (=PI (—IPIPHa D N " g (v . D By o)) Y ()
i#]
= (=DIFIP D ([0, 4 ](v)) = Blg, ¥1(v ® B).

Exactly the same argument can be used to conclude that the suitable restriction of the
bracket induces the Lie structure on 7, (¥%(X, Y; f)g). O

Remark 12. (i) To show that the restriction to
[.]: Deri(AV, By; ¢) @ Dery(AV, By; ¢) —> Derx(AV, By; @),

also induces the Lie bracket in 77, (. (X, Y'; *)g), when choosing the path component
of the constant map, one may also proceed as follows: as the fibration

FuX, V%) — F(X, V%) - v

has a section, the exact sequence on rational homotopy induces an extension of Lie
algebras

0 — mFu(X,Y; %) — e F (X, Y; )9 — mYg — 0.
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Hence, the Lie bracket on 7 Fi. (X, Y; %)g = H, (Der(A V, By; d))) is the restriction
of the one in m,. F (X, Y; *)g = Hx (Der(A V, B; d))).
(ii) At the sight of the proof above, which heavily relies on Remark 9, the fact that

[,]: Dery(AV, B; ¢) @ Der.(AV, B; ¢) —> Der,.(AV, B; ¢)

commutes with differential automatically holds. This is far from trivial if one uses
only differential homological algebra tools.

As a first and immediate application of Theorem 3 we describe the Lie algebra
structure on 7w, F (X, Y'; *)g and . F, (X, Y'; *)g when considering the constant map

#%: X — Y, recovering in particular Vigué’s result [16] stated in the introduction.

Theorem 13. 7, (F (X, Y; %)q) (resp. m,(Fx(X, Y; %)q)) is isomorphic as Lie al-
gebra to H*(X; Q) ® m,(Yg) (resp. HY (X; Q) ® m,.(Yg)).

Proof. In this case, ¢: (AV,d) — B annihilates V. In view of Theorem 3,

[, Y1) = (=D Vg )y (o] ) 4+ (= DIV Do 0 yyr (),

with dyv = ), vv/. Via the isomorphism ® of Theorem 5, this is taken to the Lie
bracket induced by dy on H* (V ® B,, dy). However, this is precisely the V @ H*(B)
with the usual Lie bracket. O

We may extend Lemma 6 to calculate in H, (Der(A V, B; d))) Whitehead products
of higher order.

Definition 14. Given ¢y, ...,¢; € Dery(AV, B; ¢), of strictly positive degrees
Pi, ..., pj,define [@1, ..., ¢;] € Der(AV, B; ¢) by
(o1, ..., 1(v)

= (—1yPrtteil Z( Z ePr ... Djy ... Dj; ... v)@1(Vi)) .. @ (Vi)
dv =) vj ... v and ¢ being the suitable sign given by the Koszul convention which,

with the notation of Remark 11, can be explicitly described as (—1)* where

o = piyijlo1] + piy.ijl@2| + -+ + pi; l¢j]
+ P<iy,iz,....ij |Ui1 | + P<is,iz,...,i |vi2| +---+ P<i; |vij [
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Then, the exact analogue of the proof of Lemma 6 shows thatgiven ® = vy ... v €
A*V and 8 € B,,

({® ® B}); Ogi, ..., Op;)
= (—l)lm(pﬁ“drpﬁ@l)zg Bloi... 0y ... 0 . v)@1 (Vi) @2(Viy) - .. 9 (Vi)

1500l

Again, {® ® B}; is defined as the j-th part of the image of [® ® f] through the
morphism

-1
A®B,/I L+ A(V®B) —~ AV B & (V® B).

Thus, as in the proof of Theorem 3, we get the following which, in view of Remark 9,
describes j-order Whitehead products on 7. F (X, Y; f)g and m. F(X, Y; f)o.

Theorem 15. Ofgy, ..., 9]0 ®B) = (—HP1T i~ d;(v® B); Oy, ..., Og;).
O

From this, we immediately deduce Theorem 4. For a given a space X, recall that
dl X (dl stands for differential length) is the least n, or oo, for which there is a non
trivial Whitehead product of order n on 7, (Xg). This coincides with the least n for
which d,,, the n-th part of the differential of the minimal model of X is non trivial.
Another geometric description of this invariant is given in [8] in terms of the Ganea
spaces of X.

Proof of Theorem 4. Assume cl Xg = m. Then, by a deep result of Cornea [4], X
has a finite dimensional model B for which any product of length greater than m of
elements of BT vanishes. Hence, for j > m and for all v ® B, given ¢, ..., @ €
Der(AV, Bi; @), [¢1,...,9j1(v ® B) € B™™ = 0. However, as dlYg > m, in
view of Theorem 15, this implies that c? ; vanishes for all j > 2. This means that the
differential on the minimal model vanishes and the theorem follows. O
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