Minimal transitive products of transpositions —
the reconstruction of a proof of A. Hurwitz

Volker Strehl

Computer Science Department (Informatik 8)
Universitat Erlangen-Nirnberg
D-91058 Erlangen, Germany

email: strehl@informatik.uni-erlangen.de

Abstract

We want to draw the combintorialists attention to an important,
but apparently little known paper by the function theorist A. Hurwitz,
published in 1891, where he announces the solution of a counting prob-
lem which has gained some attention recently: in how many ways can a
given permutation be written as the product of transpositions such that
the transpositions generate the full symmetric group, and such that the
number of factors is as small as possible (under this side condition).
The function theoretic origin and interest of this problem will not be
discussed in the present note — see the original paper by HURWITZ[14].
Current work on related problems is contained e.g. in the article by EL
MARRAKI ET AL. [9] in this volume.

Let A denote a set with cardinality #A4 = n, let 7, 7,... ,7, be (not
necessarily distinct) transpositions on A, and let G, . -, = (A, {71,... ,7.})
denote the graph on A whose edges correspond to the vertex pairs exchanged
by the transpositions. Denote by p the number of cyles of the permutation
T10...07,, and let v denote the number of connected components of the graph
Gr,... 7, The following inequality can be proved by an easy induction:

Lemma 1 n—p+p< 2y

We will say that the sequence 7,...,7, is minimal (w.r.t. the number
p of transpositions) if n — p + p = 2+, and we will say that 7,...,7, is
transitive if v = 1 holds. Here we are concerned with minimal transitive
products of transpositions, i.e., sequences 7y, 7s,...,7, of transpositions of
{1,2,... ,n} such that the set {7y, 7,... ,7,} generates the symmetric group
Sp, ie., G, . 7, is connected, and such that the permutation 7, 0o 0... 07,

“w
has precisely p = yu —n + 2 cycles, where p (> n — 1) is the minimum number



of transpositions needed to represent a permutation with p cycles under this
requirement of connectedness.
The simplest case to consider is the situation where p = 1, i.e., where

Gr... -, 18 a tree. The following result is well known:

Proposition 2 A cyclic permutation of an n-element set has precisely n™ 2

distinct factorisations as a product of n — 1 transpositions.

This result is usually attributed to DENES [7], and it apprears at vari-
ous places in the literature, see e.g., BERGE [3], COMTET [5], and EDEN,
SCHUTZENBERGER [8]. Bijective proofs of this result have been given by
MoszKowsKI [16] and by GOULDEN, PEPPER [13]. Extensions of this re-
sult can be found e.g. in articles by BIANE [4], GOULDEN [10], GOULDEN,
JACKSON [11], and the recent thesis by POULALHON [17].

Here we are interested in the general problem: in how many ways can a
permutation o € §,, be represented as a minimal transitive product of trans-
positions. Let k = (k1, ks, ... ,k,) denote a composition of n and let o € S be
a permutation of {1,2,... ,n} of type k, i.e., o has p cycles of lengths given
by ki, ks, ... ,k,, so that in particular k; + ...+ k, = n. Now we define

[ the number of factorisations

-T2 . Tpyp—2=20
f(ki,...,k,) = < of the permutation ¢ into a product of

transpositions 7; of {1,2,... ,n},

where (71,... ,Thip_2) =S,

It is obvious that f(ki,...,k,) only depends on the type k£ and that it is a
symmetric function of the variables ki, ..., k,.
The following special cases have appeared in the literature:

k=(n) : f(n)=n""2 (DENES [7])

k=(1,...,1) : f(1") = (2n—2)!n""3 (CRESCIMANNO, TAYLOR [6])
o p4q-1) ,

k=(p,q) : fp.a) =p'q -1 D (ARNOL'D [2])

Quite recently the general solution to our problem has been published by
GOULDEN and JACKSON in [12]:

Theorem 3

_3 k’f1+1 . k’;p‘H

by k) = (ot p = 2)l o™ S



In the following, it will be instructive to take a look at the GOULDEN—
JACKSON proof. (An exposition of this proof and a discussion of its relation
with the enumeration of maps is contained, among other related items, in the
thesis by POULALHON [17]).

The combinatorial picture is quite obvious: let 7,... ,7,-1,7, be a mini-
mal transitive sequence of transpositions on {1,2,... ,n}, then there are two
possibilities:

o 7, is a “split”:

this means that the sequence 7q,... ,7,_; is already minimal
transitive on {1,2,... ,n} and 7, decomposes a cycle of length
i+jof mpo...o7,; into a cycle of length 7 and a cycle of
length 7.

e 7,1s a “join”:

this means that the graph Gﬁ,m,ﬂh1 has two connected com-
ponents, A and B, say, such that AW B = {1,2,... ,n}, such

that 71,... ,7,_1 is a shuffle of the two subsequences 77, . .. , TZL/,
minimal transitive on A, and 77, ... , 7./, minimal transitive on

B. Here 7, joins a cycle of length i of 77 0... 07/, and a cy-
cle of length j of 7' o... o7}, into a cycle of length i + j of
T10...0T,—1

Now introduce commuting variables p1, ps, p3, ... and for any composition
k = (ki,... ,k,) put pi := pg, - ... px,. Correspondingly, for any permutation
o of type k we put p, := pj. and for any sequence of transpositions 71, ... , 7,
we consider the weight function

tl‘
w<7'1, .. 77—#) = ﬁ Prio...om,

The main object of study is now the generating function

L z
F:F(pl,pg,...;z,t)zﬁzz Z w(Tr, ... ,Ty)

n>1 " T1y s T ML

where the inner summation runs over all minimal transitive sequences of trans-
positions on {1,2,... ,n}.

It is not difficult to see that the above combinatorial consideration materi-
alizes into the following partial differential equation:

Lemma 4
oF 1 OF . OF OF
ot 2 ;\ +I 8p, 3pj N J apiﬂ‘
Ty join Tu split



Putting ¢ = 1 this turns into

Corollary 5 For F'= F(py,p2,...;2) = F(pl,pg,... 2, 1)

2z g—f + Di g;j 2F =
F . OF ... OF
- _szﬂ Op; 8 trepy (i) Opi+j
since p=n+p—2and p=73 " k; =3, 4#{j; kj =i}
_—
Now we put for any composition k = (ky,... ,k,) :
o(k) := the number of permutations of type k
n!
N A AR
(k) := the number of partitions of type k
n!
Tkl kb
pk) = > ki+p—2=n+p-—2

where (; = #{j; k; = i}. It is then easy to check that the above generating
function can be written as

F(py,pa - ;2) }: E: k

I

Now, if we define

G(p17p27"'; Z Z ngk’ k

nx1 kl—n
then one has to show that
F(p17p27 s 72) = G(pl,pg, R ,Z)

i.e., one has to show that
ZTL 1 n
¢ = Zm'ﬁ{—.]exp< Z 'pl )
Zn
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satisfies the same differential equation as F' (see the above corollary), together
with appropriate initial conditions. Here, as usual, [y"] denotes “the coefficient

2

of y™in ...”.
GOULDEN-JACKSON proceed by introducing the function

O(y) = exp (n D Py )
and they let w = w(py, pe, ... ;y) denote the solution of the implicit equation
w=z-p(w)

Then, by LAGRANGE’s formula, applied to log(y/z), it turns out that G can
be written as

Z" il ,
P R n —_ . ?
G=> S gmw
n>1 i>1
GOULDEN-JACKSON go on and derive various formulas for

o w0 Fa g
Ope, = 0z 0z 020p,  Opr

in terms of implicitly defined function w, such as
oG it 1 -\
it ; i
z— = —pw — = — p;w
0z Z i P 2 <Z>Zl P >

which they use to show that G (and F', of course) satisfy

3} Y oY
<a_> (Za*zi pfa—pf”>—
0\ 1 oy oY NG
= (2&)5{%pi+j"l'8—]%']'%+pi'pj‘(l+l7)‘apiﬂ}

The verification of all the detail is tedious, and it eventually boils down to
showing two particular results:

Lemma 6 Let

4,j>1
i+j=m
Then
m m—1
m m
Sy = —— —
m) m)



This (easy) statement is in fact a version of ABEL’s binomial theorem.
Quite a bit more intricate is

Lemma 7 Let

kk+1

3 it 57

1
z>1]>0k+] GaeA
i+j=m

Then

(k, + m)k+m

Tem + Ik = =m0y

As a matter of fact, the main result (1) was already presented as early
as 1891 by HURWITZ in his big article ([14], p. 21). Indeed, HURWITZ does
not present a complete proof, he only mentions that he has been guided to
formulate (1) as a conjecture as the result of a very laborious induction (...durch
eine sehr mihsame Induktion zu der Vermutung gefihrt...), and that he does
not want to present a detailed proof in his article. However, he gives a hint
about the way he proved the result: he shows that the above combinatorial
analysis of the situation leads to the recursion

[k, kp) =
1 ki—1 R
> kikif(o. it k)t Dk Y Ou(kilky, ki k) (2)
1<i<j<p 1<i<p  r=1
where

~ n+p—3)!
O, (kilkr, ... Koy k) =Y uf(r,kal,... ko) (s kg k)

ol 7l
(aWB)

Here I/C\Z indicates that the term k; is missing. The summation in Z(a 5

runs over all decompositions of {1,2,...,p} \ {i} into two disjoint subsets
{oa,...,an}, {Pr,...,Bu} where

s = ki—r

p = A+pu+1

0 = FAha otk FA—1

R A P |

o+7T = n+A+pu—2=n+p-3

Since the solution of the recurrence equation (2) is determined once the initial
value f(1) = 1 has been fixed, it suffices, as remarked by HURWITZ, that after
substituting (1) into this equation it reduces to an identity. It seems that he
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has found a rather complicated way for doing that, but he mentions that this
task would be accomplished more easily by using (6),(7) below.

It is the purpose of this present note to carry through this proposal by
HURWITZ and thus, ,in a sense, to reconstruct HURWITZ’ proof of (1).

The assertion to be proved reads

k1+1 kp+1
<n+p_2>‘n973kl+—kpp

kil kp!
ki+1 . Nkitki+1 | ket
R
= faleo (ki + K k)
ki—1
1 1
5D kY D (=3 (o = A+ DM Hr —p+ 1)
7 r=1 (a7ﬂ)
Tr+lk§a1+1 . kZiA—H s+1kk,81+1 ) kggu-i-l
X - ’
T!kay"'kcu! 8”651. kﬁu!
Dividing both sides by
k.kl+1 . kkp"l‘l
—3)l. gt
R A
one obtains
(ki + kj)Fithitl ) )
(n+p—2)-n= k; k; ,
; T (ki k) R R
r+1 s+1 k"
A—2(_ p—2l ST R
' 1(ﬁ A+ D) (r—p+1) r's'k:kH

(ki o+ k)Pt Ry
_Z k+k)|kk+1kj+l

1<j

k | r+1 s+1

7’L S ~
9 Z kk E —’[“!S! F_QV_Q(T,S|k1,... ,k}i,... ,]{?p> (3)
7 v r=1

where the following notation is used

Fos(u,v|xy,... 2,) = Z(u+xa1 o Ty ) MO A T, +xg,)" "
(e,3)

using the same convention as above, i.e., the X, 3 runs over all decompositions
{oa,...,an}, {Br, ... . B of {1,...,n}, where 0 < A <mnand p=n— A\



These functions have been investigated by HURWITZ in [15]. He uses in
particular

Fos=u-F._1 —|—Zxk cFos(u g, v Xy, Ty, Ty) (4)
k=1
and similarly

Fr,s:v'Fr,sfl+Zxk'Fr,s(uav+wk‘xl7"' 7@)“' wrn) (5)

k=1

and he evaluates the following special cases (see also [5])

1 1

Foa(uwvlzy,...zm) = <a+;)(u+v+x1+...+xn)"_l (6)
1

F—1,0<U7U|x17-uaxn) = a-(u—l—v#—xl—l—...—kxn)” (7)

the second of which is a generalization of ABEL’s celebrated generalization [1]
of the binomial identity:

3 (;‘) (A2 w— A2 = L (o) (8)

u
A=0

A combinatorial treatment of identity (8) by ABEL, of identities (6),(7) by
HURWITZ, and of many other generalisations of ABEL’s binomial identity has
been given by the present author in [18].

From (4) and (5) one obtains

reFog o(rs|ky .o ki k) = Foy_o(ros| ke, ki k)

o

_ E k’j~FfL,2<T’+kj,S|k1,... 7ki7~-- 7kj7"' ,/{Ip)
i=1
J#t



res-F o _o(r,s|ky,... ,l/c\l-,... k)
= S'F_L_Q(T,Slk‘l,... ,];’\7;,... ,k’p>

P

= kjescFoyo(r+kyslky ki k. k)
j=1
J#i

= F_17_1(T,S|k1,... ,]/C\i,... ,k’p)

p

—ij'F—l,—l(r73+kj|k17"' ,k‘i,... ,k‘j,... ,kp)
j=1
J#i

p

— E kj'F,L,l(T’—l-kj,S’kl,... 7ki7--- ,kj,... ,kp)
=1
J#i

p P
AN ke Foy (ks kel ko ki kg ke Ky
gerory
and the evaluation of F_; _; mentioned in (6) leads to

res-Fo _o(r,s|ky,... ,l;,... k)

11 4 1 1
— pP 2L = Lk:-mP3 (=
" <r+s) ;] " (r+s+kj>

J#i

PP

P

1 1 1 1
_ L. -nP3 - k. -k, -nPt
S (o ) F Sk ke (5 )

= j=1 =1
G J#i LEgs

— P2 <1 + 1) _np*3n_ ki _npf?’n_ ki

T S T S
k; k.
. NSy B
prial el
0™ " kyk N
- I ¢ ’f"l—/{?j S+kj
7.0
i#iit

1 1 k. k.
— p—3_k:. - ) _ p3 J J
" Z(r+s) " Z(s+kj+r+kj)

JFi

ki ky
p—4 J B S A N S
+n ( E R (n—k; —k;) + ]EK " (n — k; k?g))

Jit

_ I 1 _ kj (ki + k) ko (k; + ko)
T T (=i R Ry i + Fj) Fe\Ni T )
" ‘ <T+8) " (Z r+k; +; 5+ kg

J#




Thus the second sum on the r.h.s. of (3) equals
: 1
Ly (2 )5
1 i (ki + kj) Ko(ki + ki)
_52 2(2 r+k; +Z s+ kg )
[ r= J# LFi
— n-Z(k‘i—l Z Zk’ (ki + k;) Z(fs)rik r’s’®

i Z J#i r=1

= n-(n—p)—z...

i

where the first equality uses the known identity

ki—1 k.
> < Z>TMSS = KNk = 1)
r,s

r=1

which appears as Proposition 3.2, part 1 in [12], here mentioned as Lemma 6,
and which is in fact an immediate consequence of ABEL’s binomial identity

(8).

The identity to be verified now reads

2n(p—1) =
ki—1
(k+k)k+k+1k'k' k1
kj(ki + kj) "5 (9
s D OLLAL D O oA

It obviously suffices to prove this in the special case p = 2, i.e.,

(a + b)ato+1 gl bl

2(a+0b) =

a®b® (a +b)!

b(cH—b)a*1 a 1 a—l—bbl

N —’I"S T .S 10
al ;(r,s)r—l—br = \r.s r+ar$ (10)

because summing the (g’) equalities (10) for a = k;,b=4k; with 1 <i < j <p
yields (9) since

> (kitk)=(-Dk+...+k)=(p—1)-n

1<i<j<p

(10) is obviously equivalent to

(a+ b))+ al b' = a
—_— — 11
a®b® (a + b)! TZ r, s r+b b —\r,s 7“—|—b (11)

10
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with s = a — r in the first sum and ¢ = b — r in the second. Setting

kk+1 ZZ jj 1
Ty = L Z il kg
Dot ! j
i+j=m
one has

b e~/ a 1 ., albd T
— r's’=——T.

a r,s)r+b aa b

and thus (11) follows from

(k + m)ktm

which is proved by GOULDEN and JACKSON in [12] using Lagrange inversion
(Proposition 3.2, part 2, here Lemma 7), and which was most probably already
known to HUrRwITZ. Thus (1) is proved.
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