1. CONVENTIONS

The post-composition is a map g,: Hom(C, D) — Hom(C, D’), f — gf. If g is a chain
map of degree k, the same is true of g,. The pre-composition is a map h*: Hom(C, D) —
Hom(C’, D), f + (=1)VIRfp1  We have the expected (g¢'). = g.¢. and (h'h)* =
(_1)|h||h/|h*hl*

We use these maps in the case of the suspension maps s*: C' — C[k]. Thus, we obtain
isomorphisms (s*),: Hom(C, D) = Hom(C, D[k]), f + s*f and (s7%)*: Hom(C, D) =
Hom(C[k], D), f + (—=1)*Ifs7®  As explained, we have (s*)*(s7%)* = (=1)*, ie. in
general, the suspension isomorphism (s7%)* is not an inverse of the suspension isomorphism
(s¥)*. Thus, when passing between the two chain complexes Hom(C, D) and Hom(C/[k], D),
we have to choose a direction.

The general isomorphism will be (s').(s™*)*: Hom(C, D) = Hom(C[k], D[l]), in this
order, so that f ~— (—1)*/ls! fs=* This turns out to be compatible with the composition
(unlike the other possibility (s7*)*(s'), with the sign (—1)*+0If]),

2. INTRODUCTION

An A.-algebra is a homotopy version of an associative algebra. Thus, suppose that A
is a dga and that f: A — B is a homotopy equivalence with a homotopy inverse g. Define
a multiplication on B via

z-y=flgz-gy)
Now compare the two products
(z-y)-z=flgf(gz-gy)-92), = (y-2)=[flgx-9f(g9y-g2)).

Both are homotopic to f(gz-gy-gz) and in particular, the multiplication on B is associative
up to homotopy. This is probably best explained in topological situation, where A is a
topological space equipped with an associative operation. Denote

a: K3 x B> - B

(K3 = I is the unit interval) the homotopy; thus a(—,x,y, z) is the corresponding path
from (xy)z to z(yz). In fact, more is true: there are the following associativity homotopies:

a(ivw»myvz)

. /(w(xy»z—w«mz\ |
(wr)y)z w(x(yz))
\( ) )/
wr )Yz

comp

IThink this way R[k]®Hom(C, D) 225 Hom(C’, C)@Hom(C, D) 2% Hom(C, D)@Hom(C", C)
Hom(C’, D). The sign is due to the twist map.
1
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It so happens that there is a second order homotopy
K,xB*—= B

(K4 is the pentagon) that fills in the above system of paths. Further, there is a third order
homotopy

K;x B> - B

with K5 a certain three-dimensional polytope called the associahedron whose boundary
consists either of pentagons K, as above or squares (products K3 x K3 of intervals):

(vw)z)y)z — =D () (y2)

(a(—vw,z)y)z a(—,a(—,v,w,z),y,z) a(—w,w,x)(yz)

((v(wz))y)= (v(wz))(y2)

a(—w(wz),y,z)

This continues ad infinity.

The definition is simplified in the algebraic situation by the fact that we do not need to
specify the polyhedra and their various faces since the boundary of a polyhedron is a sum
of the faces (with correct signs). Thus, we will have

mo: B® B — B
ms: BB B — B
my: BB BB — B

and these will satisfy

[d, mg] = 0,
[d, m3] = £ma(me ® 1) £ ma(1 ® my)
[d,ma] = - -

3. DIFFERENTIAL GRADED COALGEBRAS

The formal definition is conveniently phrased using the language of coalgebras. A (coas-
sociative) coalgebra is a module C' together with a comultiplication A: C' — C' ® C' satis-
fying the following coassociativity rule:

c—2% cowC

Al [ 3o

CRC——CRCxC
oA

Phrased differently, all possible iterations A™: C' — C®" are equal (this corresponds to
the associativity: all possible bracketings are equal).
A graded coalgebra is one in which C' is a graded module and A preserves grading.



Example 1. Let V' be a (graded) module. Define the tensor coalgebra T¢V to be
TV = Pver
n>1

together with the following comultiplication:

A ® - @v,)= Y (n® Q)8 ® - ®uv,) €TVRTYV.

J (. J

-~

0<i<n eTeV eTev

A differential graded coalgebra (dgc) is a chain complex and a coalgebra in such a way
that the comultiplication

A:C—=CxC

is a chain map (of degree 0), i.e. such that the following square commutes:

c—2 cwcC

dJ ld®1+1®d

Here d ® 1 + 1 ® d is the differential on the tensor product with the usual Koszul sign
convention (f ® ¢)(x ® y) = (=1)9'*f2 ® gy. We call this the coLeibniz rule since
it is exactly the dual of the compatibility condition between the multiplication and the
differential in a differential graded algebra.

4. Ao -ALGEBRAS

An A.-algebra is a graded module A together with a differential graded coalgebra
structure on T°A[l], where A[1] denotes the suspension of A, i.e. A[l], = A,_;. Since
TcAll] is already a graded coalgebra, this amounts to the specification of a differential
d: T°A[1] — T<A[1] of degree —1 that satisfies the coLeibniz rule and d o d = 0.

We denote by ¢: T°A[1l] — A[l] the projection onto tensors of length 1. Then the
projection onto tensors of length £ is

TeAn] 2% (eap))Er L A1,

The coLeibniz rule unfolds to

TeA[1] A% (7o A1))E*

TeA[l] — (T¢A[1])®* —— A[1]®*,
A(k) ®k

q

i.e. the component of d(sz; ® - - - ® sx,,) of length k is
FAP (53 ® - - @ sz,) = Z 1% @d @ 1AW (s1y ® - - @ szy,)



4

The only non-zero terms come from the part of A®) that splits sz1 ®- - -® sz, into i tensors
of length one at the beginning and j tensors of length one at the end, i.e.

(S%l) Q- ® (Sl’z) & (S.CEiJrl X Sl’nfj) ® (Sl'n,j+1) K- ® (Sl‘n)

Denoting the composition
de: A[1% C TeA[1] -5 T°A[1] L5 A[1],

we thus have
d221®i®dg®1®j.

This is equivalent to the coLeibniz rule. The fact that d is of degree —1 translates into all
dy’s being of degree —1. It remains to study the condition d o d = 0. There are various
terms involved in d o d: when one composes

(1% @ dp @ 1%7) 0 (1% @ dy @ 1%)

and j < j/ then this equals 1%¥ ® dy ® 19" ® d, ® 197 while for i < ¢, the result will be
—19®d;® 19" @ dp @ 197" — the minus sign comes from the Koszul sign (f ® ¢)(h®@ k) =
(=1)lIh fh @ gk that comes from swapping the dp and dy. Thus, such terms cancel out.
The remaining terms look like 1%% ® dp (18" ® dy ® 1%9") ® 1%/ (where i = i — ¢’ and
j”" = j —j') and thus, the square zero condition only needs to be verified in the case
i = j' = 0 and for the number of inputs i + ¢ + j fixed and reads

Z di+1+j(1®i ® dg (9 ].®j) — O
i++j=n

Before working out small dimensions concretely, we will use the following diagram to
translate d,’s into more traditional operations

A9 A

S

»
®
~

%

1R
T
=
IR

=
=

2
=
=

i.e. we use? my = (—1)s71dys®*. Since s is an isomorphism of degree 1, the operation my
has degree £ — 2. One then obtains from the formula for the d,’s the corresponding formula

2The my is the image of dy under the isomorphism (s™1),(s®¢)*: Hom(A[1]®¢, A[1]) = Hom(A®*, A).



for the m,’s:
Sildi+1+j(1®i Rd ® 1®j)5®(i+e+j)
(—1)" s i1y (s% @ des® @ 5%7)
(=) 57 4 (5% @ smy @ s97)
(_1>¢+e+j(£—2) . Sfldi+1+j3®(i+1+j)<1®i Q@ my ® 1®j)
(1)t (1% @ my © 199).
Since i + ¢+ j+ 1 =n+ 1 is fixed, we may finally write the condition as
N ()T i (1% @ m © 199) = 0
i+l+j=n
The square zero condition for n = 1 then reads:
mimy, = O,
thus m; is a differential; we will denote it by 0. The square zero condition for n = 2 reads:
mimg — ma(my ® 1) —ma(l ®my) = [0, my] = 0,
i.e. moy is a chain map. The square zero condition for n = 3 reads:
[8,m3] -+ mg(mg X 1—-1 X m2) = O,
i.e. my is a homotopy between mo(me ® 1) and ma(1 ® my). When ¢ = 1 the sign equals
(—1)H9 = (=1)" = (=1)""! and thus, we always obtain terms
myimy, — (—1)" Z M (1% @ my @ 1%7) = [0, m,,).
i+1+j=n
Consequently, the relation exhibits m,, as a null-homotopy of the remaining terms — these

contain only m,’s for ¢/ < n and constitute the boundary of the polyhedron from the
motivation. This easily implies the following proposition

Proposition 2. Every dga can be thought of as an A -algebra by setting mq to be the
differential, mo to be the algebra multiplication and my =0 for £ > 2.

Proof. The three special cases n = 1, 2, 3 above are clearly satisfied and the higher ones
have either £ > 2 or 1 + 1 4+ j > 2. Thus, they are satisfied trivially. O

There is a way of “truncating” an A.-algebra A to a dga, essentially by Kkilling all the
higher operations my, ¢ > 2. As in universal algebra, we may generate from the m,’s
operations by composition, i.e. we consider terms involving the m,’s. Now consider the
collection of terms that involve at least one my, £ > 2, and form a graded submodule
I C A generated by the images of such operations. This contains for example the following
ma(w ® mymz(x ® y ® myz)). In particular, it is closed under m; = 0 and thus forms a
subcomplex. Form the quotient A/I; this possesses a multiplication induced from my and
since ma(1 ® mgy) — me(me ® 1) = [0, m3] € I, this multiplication is indeed associative.



5. A, -COALGEBRAS

Almost dually, we define an A.-coalgebra C to be a graded module together with a
structure of a differential graded algebra on the tensor algebra T'C'[—1] on the desuspension
of C. Again, this translates into d: TC[—1] — T'C[—1] being a derivation (which amounts
to the Leibniz rule) and dod = 0. The differential is uniquely determined by its components

dy: C[-1] C TC[-1] -5 TC[—1] —» C[—1]*
or alternatively w;: C' — C®* of degree ¢ — 2, given by
wp = —s®d,st.
The square zero condition then becomes

Z (=177 (1% @ we @ 1% w145 = 0
iHl+j=n

(As it stands, for each ¢ € C, only a finite number of the w,c¢’s may be non-zero but this will
not matter to us — we use coalgebras mainly to study algebras.) Most importantly, every
dgc is an A.-coalgebra by setting w; to be the differential, ws to be the comultiplication
and wy, = 0 for ¢ > 2.

For an A..-algebra A, we denote the tensor coalgebra T°A[1] with the given differential
d by BA, the bar complex of A. For an A.-coalgebra C', we denote the tensor algebra
TC[—1] with the given differential d by QC', the cobar complex of C'. Thus, we have two
functors

Q: DGCn“ <:> DGA :B

We will now show that these are in fact inverse equivalences up to a quasi-isomorphism
(assuming that the underlying ring is a field), thus showing that the concept of a dga and a
dgc is essentially the same. We will then refine this to the following: given an A..-algebra
A, the dga QBA is equivalent to A and thus every A..-algebra “rectifies” to a dga.

6. RELATION BETWEEN ALGEBRAS AND COALGEBRAS

We start by observing that € is left adjoint to B. To do that, we describe DGA(Q2C, A)
in a more elementary fashion. Since QC' is a free graded algebra on C[—1], such a homo-
morphism is uniquely specified by a graded map ¢;: C[—1] — A, i.e. amap t: C — A of
degree —1. Here we decide to use ¢; = s*t so that the resulting algebra map ¢: QC — A
satisfies ps~lc = p157tc = —te. We will now rephrase the condition on ¢ to be a chain
map. This amounts to the commutativity of

O —2 A

il |
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and it is easily verified that this is sufficient to be checked on the generating C[—1] C QC.
Thus, for s~'c, we need
Ot =—0ps' = —pds™' = —p(—s'0— (s®@8)'A) = ps o —p(st@sHA
and since the first term is of length 1 while the second of length 2, this is computed as
—t)—me@)(s ' ®sTHA = —td —m(t @t)A.
The chain condition is then
[0,t] + m(t®t)A = 0.

Diagramatically, the differential of ¢ must equal minus the composition

CS 000 B AA A

Such a map ¢ is usually called a twisting cochain (denoting t Ut = m(t ®t)A, the equation
becomes [0, t|+tUt = 0 and is called the Maurer-Cartan equation, due to its similarity with
the famous equation in differential geometry — is there more?) and has various applications.

Since this condition is self-dual, it should be rather clear? that this should also amount to
a dge-map C' — BA, although for this to work correctly, we need the nilpotency condition
on C: for a map C' — A[1] to uniquely induce an algebra map C' — BA, we need that for
each element ¢ € C, sufficiently high iteration A™¢, n > 0, vanishes. This is clearly the
case for a tensor coalgebra and thus, B really takes values in DGC,;.

Theorem 3. Let A be a dga, whose underlying graded module is free, i.e. each Ay is free.
Then the counit €: QBA — A is a quasi-isomorphism.

The counit is the dga-map corresponding to the dgc-map id: BA — BA or alternatively
to the twisting cochain BA — A,

ST > x, ST1 Q- @ sx, — 0 forn > 2

We will denote (21| - |7,) = s (sz1 @ -+ - ® sx,,). Thus, the induced dga-map ¢ is given
on generators by
ex =x,e(xy |- |x,) =0forn>2

Abbreviating ¢; = (—1)""1H#l+-+zioil the differential on QBA is given by
d(z | ...|In)zzgi.(x1 | [ day | o | @)
_Zgi.(xl |- @iz | - | @)
+Y e (@ | )@ | - |2

Proof. Using the basis of each Ay, it is simple to verify that (2B A as an algebra has a basis
formed by (z1]- - - |z,) with each x; a basis element and thus, as a graded module, the basis
is formed by products of such. We will restrict to such elements. We consider the following

3In detail, ¢ induces a coalgebra map ¢: C — BA with qp = st, i.e. ¥ = S(st)®" A, Then
st = qud = qdip = " qd(st)" A = dyst — da(s @ 5)(t @ t)A = —s0t — sm(t @ t)A.
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filtration of QBA: let F, be the subcomplex formed by elements of length < r, where the
length of (x| --|x,) is n and the length of a product is the sum of the lengths.

We will now show that each F,./F,_; is contractible. The differential on this quotient is
given by

(| fan) =D i (] - lda] - o) + ) i (@] o) (@] - )

The contraction is given by

h((@)(@1] - |2a)€) = (=1 - (2] - |2a)€

on products that start with an element of length 1 and by zero on other products.
The long exact sequence of homology groups associated with 0 — F,y — F, —
F,./F,_1 — 0 shows that the inclusion F,._; — F, is a quasi-isomorphism. We have

Fy
!

0
F,_

| T

r
!

1%

i
QBA
Since I} — A is clearly an isomorphism, each F; — A must be a quasi-isomorphism. As

also H.(2BA) = colim H,(Fy), the map induced by ¢ in homology is a colimit of isomor-
phisms and thus an isomorphism. We remark that in fact, € is a homotopy equivalence. [J

7. RELATION OF DGA’S AND A, -ALGEBRAS

We will now describe a strictification of A,.-algebras. We say that an A.-algebra A
is cellular if, as a graded algebra, it is free with respect to the operations my, ¢ > 2. In
this case, for a generator x, the differential dr must be expressible uniquely as a term
t(y1 ® --- ® yp) in generators y; of lower degree. In this way, one may obtain A together
with its differential by successively adding generators, ordered by their degree, subject to
the relations dr = t(y; ® -+ ® y¢) as above. These are to be thought of as cells, attached
by their boundaries.

In the case of a cellular A -algebra A, the strictification is simply the truncation tr A.
The truncation map p: A — tr A is a quasi-isomorphism since its kernel admits a contract-
ing vector field given by

to-mu(ty @ -+ @1tg) -1+ = mppq(to, ta, ..., te) - T1 -+ Tp

where the dot denotes the product ms with the usual bracketing convention z-y-z = (x-y)-2.
Here the term my(t; ® - -+ ® t,) is the right-most term that is not a variable and ¢, is the
term in front of it — it may well be a product again, but this is not important. (There is a
filtration given by deg(my(t; ® -+ - @ t;) - x1 -+ - xx) = (k, £, |t1]). This gets increased by the
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vector field.) The only critical cells are the full products z; - - - x that form exactly the
truncation tr A.
To strictify a fairly general A..-algebra, we will first replace it by a quasi-isomorphic
cellular A-algebra. The replacement will somewhat stronger than a quasi-isomorphism.
A strong deformation retractions (sdr)

(f,g,h): C=D

consists of the following data: two chain complexes C, D, two chain maps f: C' — D and
g: D — C together with a homotopy h: C' — C' of degree 1 satisfying

1—fg=0,1—gf =1[d,h], fh =0, hg=0, hh = 0.

We will describe a cellular replacement of an A..algebra A only in the case that the
underlying graded module is free (this happens always when £ is a field). The replacement
is again a sort of bar construction.

We will construct it as a universal strong deformation retraction (f, g, h): QA = A onto
A in which f is a map of A -algebras while g and h are only k-linear. Thus, we

e start with a generating set {gx | z € A a generator}; here |gz| = |z|,
e close freely under operations my, ¢ > 2, and h
e subject to the relations hg = 0 and hh = 0.

Next we specify the projection f by

° fg=1,
o fmy=myf®, ie. fisamap of Ay-algebras,
o fh=0.

The differential on QQA is then given by
e dg = gd, i.e. g is a chain map,
o dmy(ty @ - ®t0)) = [d,myg](ty @ - @) + S, (=1)HalHhaly, (4 @ ... @
dt; @ - @ ty),
e dh=1—gf—hd, ie. [dh]|=1—gf.
It is simple to verify that

e dhg = —hgd = 0, dhh = hhd = 0 so that d is indeed defined on QA,
e df = fd so that f is a chain map, and consequently
e dd = 0 so that d is indeed a differential.

By the second defining formula for d, it makes QA into an A,-algebra. By construction,
(f,g,h) is indeed a sdr QA = A whose projection f is a map of A,-algebras. In addition,
QA is cellular with generators formed by the gr and the ht. Put together, it is a cellular
replacement. Finally, we have a span of quasi-isomorphisms of A.-algebras A + QA —
tr QA, where tr QA is in fact a dga.

Remark. We remark that the above construction can also be made for kG-modules where
only f is required to be kG-linear while g and h are only k-linear. In this case, one obtains
the usual bar construction. Denoting the elements of G by a, a generator of QM looks

aghaih - - ha,gr = aplay| - - - |a, ® .
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8. TRANSFER OF THE STRUCTURE

In this section, we will describe how to transfer the structure of an A..-algebra along
homotopy equivalences. It is true, although not completely trivial,* that an arbitrary
homotopy equivalence can be replaced by a span of sdr’s, C' <= S = D. For this reason, it
is possible to restrict to sdr’s.

Before going into the transfer stuff, we observe that sdr’s are closed under direct sums
(easy) and also tensor products: if (f,g,h): C; = D; is a finite number of sdr’s then so is

(f®k7g®k7 Z (gf)®z®h'®1®J) Cl®®ck’:>Dl®®Dk
i+14j=k
It is worth pointing out that this tensor product of sdr’s is associative and thus it does not
matter in which order we tensor sdr’s.
The advantage of sdr’s over general homotopy equivalences is the following theorem.

Theorem 4 (Basic Perturbation Lemma). Let there be given a sdr (fo, go, ho): Co = Dy
and a perturbation 0, i.e. a map of degree —1 such that d = dy + 0 is also a differential.
Suppose that hod (equivalently dhg) is pointwise nilpotent. Then there ezists a perturbation
of the differential of Dy and of the maps fo, go, ho such that (f,g,h): C = D is another
sdr. These perturbations are functorial in a suitable sense.

Given a sdr A = A’, consider both A, A’ equipped with trivial A,-structures, i.e.
my = 0, £ > 2, we denote the resulting bar complex ByA = @, A[1]®". Then there is
a sdr BgA = ByA’ since sdr’s are closed under tensor products and direct sums. Now

et ©: C' = D be a homotopy equivalence with a homotopy inverse ¢ and a homotopy [d,n] = 1 — .
Let cyl(p) be the mapping cylinder. It has the following universal property: maps cyl(¢) — E are in
bijection with triples (vy,n,d) where v: C' — E and 6: D — E are chain maps and [d,n] = dp — 7 is a
homotopy; in othe words, such maps correspond to homotopy commutative triangles

We denote the components of the universal such triangle by g: C' — cyl(¢), i: D — cyl(y) and k. There is
also a projection p = (¢,0,1): cyl(p) — D that fits into a sdr (p, i, ) with 4 = (—£,0,0). Then ¢ = pg.
It is easily verified that p is a projection of a sdr with injection iz = (0,0, z). Thus, ¢g is a homotopy
equivalence. Moreover, it admits a retraction f = (1,—n,%) that is homotopic to ¥p = (¢p,0,1) via
the homotopy A = (—n,0,0). The retraction condition means fg = 1 and it remains to ensure the side
conditions fh =0, hg =0, hh = 0.

Let h denote the concatenation of homotopies gf ~wftipr (40) (YD) ~igp ip ~, 1, where [d, 8] = 1 — ).
The resulting homotopy is h(z,y, z) = (0, —ny+vz, (0p—en)x+0z). The map 1—gf is the projection onto
the summand C” of cyl(y) complementary to C. Restricting the homotopy h to C’ produces a contraction
K =(1—gf)h of C'. Tt is simple to produce a contraction that squares to zero, namely h'dh’. Then one
reconstructs a homotopy with the required properties by extending to C' by the zero homotopy, i.e. the
resulting homotopy operator is K'dh/(1—gf) = (1—gf)hd(1—gf)h(l—gf) = (1 —gf)h(L —gf)dh(1—gf).
In fact, since hg = 0 in our case, we may use (1 — gf)hdh(1l — gf).
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let A be equipped with an A, -structure, i.e. a coderivation on T¢A, and think of it as a
perturbation of the differential on ByA. Then the basic perturbation lemma gives a sdr
BA = BA' where BA' is a perturbation of ByA’ and is obtained from the lemma. Thus, the
lemma will produce an A,-structure on A’ once we check that the perturbed differential
is indeed a coderivation. This follows from the functoriality of the basic perturabation
lemma: consider the commutative square

B()A L) B()A/

| |

BoA X B()A —_— B()A/ X BoA/
fo®fo

and observe that the two maps A in fact form a map of sdr’s that even commute with the
perturbations § = d — dy at the top and 0 ® 1 + 1 ® § at the bottom — since both A with
the trivial A,-structure and A with the given A, -structure are A.-algebras, A commutes
with dy and d = dy + 6, hence also with .

In fact, we obtain more than just an A.-algebra structure on A’, namely the chain maps
f: BA— BA"and g: BA" — BA (and also h). As observed in the above diagram, f is a
coalgebra map.

Definition 5. An A,,-map A — A’ is defined to be a dgc-map BA — BA’.
As in the case of coderivations, such a map must be of the form

flsm® - @sz) = > fo(sm1 @ @sw) @ @ fo,(5Tpg11 @ @ 5,)
L+ +l=n

where f;: (sA)®* — sA’. For f to be a chain map, it must satisfy the following;

Yo dlfa® - ®fi)= Y fins(1¥©d©1%)
l1++L=n i+4+j=n
(in particular, fo measures the extent to which f; does not respect the multiplication,
[dy, fo] = fida — da(f1 ® f1), etc.) Thus, both f and g are A,-maps.

Remark: another point of view is that f: BA — BA’ is a “twisting cochain” BA — A’
(however, A" is an A,.-algebra and thus a twisting cochain is not equivalent to Q.. BA — A’
since the left-hand side does not exist) — this has components (sA)®* — A’ of degree —1
and these are precisely the f,’s.

The basic perturbation lemma in fact provides formulas for the respective perturbations.
The differential on BA’ is given by the formula

d= do + f0(§ - 5h05 + (5h05h0(5 — e )gO

Recalling that 6 = 3,0, 19" @ d, ® 1%7, it is simple to see that the application of hg to
d(hod)"go, r >0, produces a non-zero term only when Ay is applied to the dy-term, so that
one may replace the appearance of each term hod by > (g0f0)®" ® hod, ® 1%7. A succesive
application

((90f0)*" @ hody @ 1%) (g0 fo)*' ® hod ® 1%7)
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is zero unless ¢ < 4. In this case, one may replace each (gofo)®" ® hody ® 1%/ by 1% @
hod, ® 197, Putting together, we obtain formulas

dp = Z (—1)T . f0d50(1®i1 ® hodél ® 1®j1) e (1®ir ® hodér ® 1®jr)go®z

r>0,
11 <<

Since we have
198 @ hod, @ 197 = (_1)(2—1)(j+1) . 8®(i+1+j)<1®z' ® homy ® 1®j)(S®(i+e+j))—17
we may also rewrite the formula as

my = Z (_1>r+(€171)j1+~--+(€r71)jr.fomzo(]_@h ®h0mg1®l®jl> . (1®ir ®h0mér®1®ﬁ)go®z.

r>0,
11 SSZT‘

The iterations as above may be depicted in terms of trees, whose vertices are decorated by
the my’s, whose inner edges are decorated by hy, whose incoming leaves are decorated by
go and whose outgoing leaf is decorated fj.

There are similar formulas for f, g and h.
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