Scissor’s congruence groups

Lars Hesselholt

It has been known since ancient times that two polygons that have the same
area can be divided into a finitely many pairwise congruent triangles. Hilbert, in his
third problem at the International Congress of Mathematicians in 1900, asked for
an example of two polyhedra of equal volume which cannot be divided into finitely
many pairwise congruent tetrahedra. Within the same year, Dehn showed that the
cube and the regular tetrahedron of equal volume indeed cannot be divided into
finitely many pairwise congruent tetrahedra. Two polyhedra are said to be scissor’s
congruent if they can be divided into finitely many pairwise congruent tetrahedra.
The question of how to parametrize the set of polyhedra up to scissor’s congruence
turns out to involve much of the modern mathematics developed in the twentieth
century. We will discuss the solution to this question along with some the modern
mathematical structures involved.

The present notes are partly based on Dupont’s book [5] which we recommend
for further reading. We have strived to supply proofs of some basic results in the
theory which are not readily found in the literature.



CONTENTS

Hilbert’s third problem

The Dehn invariant

The scissor’s congruence group
The group P(R?)

. Group homology

References

T o

14
19
28
38



SCISSOR’S CONGRUENCE GROUPS 1

1. Hilbert’s third problem

Two planar polygons P and P’ are said to be scissor’s congruent if they can
be divided into finitely many pairwise congruent triangles. In this case,

area(P) = area(P’).
The following theorem implies, in particular, that the opposite is true as well.

THEOREM 1.1. FEwvery planar polygon P is scissor’s congruent to a rectangle
with one side of length 1.

PROOF. Since every planar polygon can be divided into triangles, we may
assume that P is a triangle. First, as indicated by the following figure, every
triangle is scissor’s congruent to a parallelogram.

Next, as the following figure indicates, every parallelogram, in turn, is scissor’s
congruent to a rectangle.

Moreover, by iteratting the procedure indicated by the next figure, it follows that

every rectangle is scissor’s congruent to a rectangle, where one side is at least 1,
and where the other side is a most 1.

As indicated by the following figure, every such rectangle, in turn, is scissor’s con-
gruent to a parallelogram, where the distance between two of the parallel edges is
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equal to 1.

Finally, as the following diagram indicates, every such parallelogram is scissor’s
congruent to a rectangle with one side of length 1.
ARREREEEE IIH ............. H“

This completes the proof. (I

REMARK 1.2. This theorem was likely known to the ancient Chinese and Greek.
It gives one possible way of defining the area of a planar polygon, namely, as the
length of the other side in the resulting rectangle.

In a letter in 1844, Gauss noted that the proof that two pyramids with the
same base area and height have the same volume uses subdivision into an infinite
number of pieces, and he asked for a proof of this which only uses subdivision into
a finite number of pieces. Hilbert, however, did not think that this was possible
and posed as his third problem at the International Congress of Mathematicians in
Paris 1900 the following:

HILBERT’S THIRD PROBLEM. Show that there exists two polyhedra of equal
volume which are not scissor’s congruent.

Already the same year, Dehn proved that the cube and the regular tetrahedron
of equal volume are not scissor’s congruent. We will give a modern formulation of
Dehn’s proof in the next section. To begin, we make our definitions precise.

A k-simplexr in R™ is a tuple

a:(ao,al,...,ak)

of k4 1 points in a; € R™. The associated geometric k-simplezx |o| is defined to be
the convex hull of the k 4 1 points,

k

lo| = conv({ao, ..., ax}) = {Ztiai [t € [0,1], to+---+tx = 1},
=0
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In the case k = n, we say that o is proper if |o| is not contained in an affine
hyperplane in R™. A sub-tuple 7 of o is called a face of o, and the subset || C |o]
is called a face of |o|. We allow 7 = () and 7 = . A polytope in R™ is a subset

PcCR"

with the property that there exists a finite set {o1,...,0,} of proper pairwise
distinct n-simplices in R™ such that

P= loil

i=1
and such that for all for all 1 < i < j < m, the intersection
Calantr]
is a face of both |o;| and |o;|. A set of simplices {01, ..., 0} as above is said to be
a triangulation of the polytope P C R™. We note that the number m of n-simplices
in a triangulation of the non-empty polytope P C R" is not bounded above. The

following figure illustrates two triangulations with m = 2 and m = 4, respectively,
of the same polytope.

In particular, every non-empty polytope P C R"™ admits an infinite number of
triangulations.

We write d(a,a’) for the euclidean distance between the points a and o’ in R”™.
An isometry of R" is a map f: R™ — R" such that for all a,a’ € R",

d(f(a), f(a")) = d(a,a’).

We recall that isometries preserve volume and angles.

REMARK 1.3. We briefly recall the structure of the euclidean group E(n) that
is defined to be the set of isometries of R™ with the group structure given by
composition. For every v € R™, the map

ty(a) =a+wv

is an isometry called a translation. The assignment v +— ¢, is an isomorphism of the
additive group R™ onto the subgroup T'(n) C E(n) of translations; it is a normal
subgroup. The subgroup O(n) C E(n) of orthogonal transformations consists of
the isometries f such that f(0) = 0; it is not normal. An orthogonal transformation
is a linear map and the representing matrix is an orthogonal n x n-matrix. Every
element f € E(n) can be written uniquely as the composition

f=troyof,

where f is the orthogonal transformation defined by f(a) = f(a) — f(0). Hence,
the euclidean group is equal to the semi-direct product

E(n) =0(n) x T(n)
of the subgroups T'(n) and O(n).
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DEFINITION 1.4. The polytopes P, P’ C R™ are said to be scissor’s congruent if
there exists triangulations {o1,...,0m,} of P and {o,...,0/,} of P’ and isometries
fi,--+, fm € E(n) such that f(|o;|) = |of| for alli =1,...,m.

LEMMA 1.5. Let S = {o1,...,0.} and T = {m1,...,7s} be two triangulations
of the polytope P C R™. Then there is a triangulation U = {v1,...,v:} of P such
that every geometric simplex associated to a simplex in S or T is equal to a union
of geometric simplices associated to simplices in U.

ProOF. Clearly, it suffices to show that if the intersection
Q=lo|N|r| CR"

of two geometric n-simplices has non-empty interior, then @ is a polytope. To this
end, we recall the main theorem of convex polytopes. A halfspace H C R" is a
subset of the form {x € R™ | (z,v) < a} for some v € R™ and a € R. Now, the
main theorem of convex polytopes states that the subset S C R" is equal to the
convex hull of a finite set of points if and only if it is bounded and equal to the
intersection of a finite set of halfspaces. We refer to [16, Theorem 1.1] for a proof.
The following figure illustrates the theorem.

A subset S C R™ of this form is called a convex polytope. The dimension of the
convex polytope S C R” is the smallest dimensions of an affine subspace of R”
that contains S. (Exercise: Show that if the subset R C R™ is both convex and
a polytope, then it is a convex polytope of dimension n.) In the case at hand, we
find that  C R™ is a convex polytope. Indeed, if S7, .52 C R™ are bounded subsets
equal to the intersections of two finite sets of hyperplanes then the same is true for
S1 NSy C R™. Moreover, since () has an interior point, its dimension is n.

Now, let S C R™ be a convex polytope of dimension n. We show, by induction
on n > 0 that § C R" is a polytope. The case n = 0 is trivial, so we assume that
the case n = d—1 has been proved and prove the case n = d. The subset F' C S is a
face of S if there exists a halfspace H = {z € R? | (x,v) < a} such that S C H and
F = SNAJH, where 0H = {z € R? | (x,v) = a} is the boundary of H. We recall
from [16, Proposition 2.3] that every face of a convex polytope is itself a convex
polytope and that the intersection of two faces is itself a face. We let Fi, ..., Fj be
the faces in S of dimension d — 1, and let € S be an interior point, which exists
because S C R? has dimension d. We write S as the union

k

S = | Jconv({z} UF,)

i=1



SCISSOR’S CONGRUENCE GROUPS 5

of the cones whose bases are the faces Fi, . .., Fy and whose cone point is the interior
point x. The following figure illustrates the situation.

By the inductive hypothesis, each of the faces Fi,..., Fy admits a triangulation.
We let {0;1,...,0im,} be a triangulation of F; with 0;; = (aij1,...,a:jqd), and
define 7;; = (z,@ij1,---,6Gija)- Then {G;1,...,5;m,;} is a triangulation of the
cone conv({z} U F}), and the union

k
U{@',l, ey Oim b
i=1
is the desired triangulation of S. This proves the induction step. (I

COROLLARY 1.6. Scissor’s congruence defines an equivalence relation on the
set of polytopes in R™.

PROOF. It is clear that scissor’s congruence is reflexive and symmetric. We
show that it is also transitive. So let P, P/, P” C R"™ be three polytopes and
assume that P and P’ are scissor’s congruent and that P’ and P” are scissor’s
congruent. We must show that P and P” are scissor’s congruent. Since P and P’
are scissor’s congruent, we have triangulations {o1,...,0.} of P and {o{,...,0.}
of P’ and isometries f1,..., fr of R™ such that f;(|o;]) = |o}| for all i = 1,...,r,
and since P’ and P are scissor’s congruent, we have triangulations {77,...,7.} of
P"and {r{',..., 7/} of P" and isometries g1, ..., gs of R™ such that g;(|7}[) = |7}’
for all j =1,...,s. By Lemma 1.5, there exists a triangulation {v],...,v;} of P’
with the property that for every ¢ =1,...,7rand j =1,...,s,

ol = J [vkl

kel(i)

= U Il

keJ(4)

where I(i) and J(j) are subsets of {1,2,...,t}. We note that {1,2,...,¢} is equal
both to the disjoint union of the subsets I(1),...,I(r) and to the disjoint union
of the subsets J(1),...,J(s). We now define triangulations {v1,...,v:} of P and
{v{,...,v/} of P" as follows. If k € I(i), then we choose an n-simplex vy such
that f;(|uk]) = |vg]- (The choice of v, amounts to a choice of ordering of the
vertices in |vg|.) Similarly, if £ € J(j), then we choose an n-simplex v}/ such that
g;(Ju]) = |vj|. Finally, if k € I(i) and k € J(j) , then hy = g; o f; is an isometry
of R" and hg(Juk|) = |vj|. This shows that P and P are scissor’s congruent as
desired. O
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PROPOSITION 1.7. If the polytopes P, P’ C R™ are scissor’s congruent, then
vol(P) = vol(P").

PROOF. Since the polytopes P and P’ are scissor’s congruent, we can find
triangulations {o1,...,0m,} of P and {01,...,0.,} of P' and isometries fi,..., fm
such that f;(|o;|) = |o}|. And since isometries preserve volume, we find

vol(P) = Zvol(|oi|) = Zvol(fi(|ai|)) = vol(|o}]) = vol(P).

i=1
This completes the proof. (I
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2. The Dehn invariant

The Dehn invariant D(P) is an invariant of polytopes P C R3. Like the volume,
it has the property that if the polytopes P, P’ C R? are scissor’s congruent, then
D(P) = D(P'). Therefore, it is possible to prove that P and P’ are not scissor’s
congruent by showing that D(P) # D(P’). However, unlike the volume, the Dehn
invariant D(P) is not a real number but rather an element of the (much larger) real
vector space R® (R/7Z). We devote the remainder of this section to the definition
and study of this vector space.

In general, the tensor product of the abelian groups A and B is defined to
be the abelian group A ® B that has one generator a ® b for every ordered pair
(a,b) € A x B and with these generators subject to the relations that

(a+d)@b=a®b+ad @b
a®(b+b)=a®@b+axb

for all a,a’ € A and b,b' € B. The relations express that A ® B has the following
universal property: If C' is an abelian group and if

f:AxB-—>C
is a bi-additive map, then there is a unique additive map
f:A®B—C
such that f(a ® b) = f(a,b). We prove two basic lemmas about tensor products.
LEMMA 2.1. Let A and B be abelian groups. For alla € A, b€ B, andn € Z,
(na) ®b=n(a®b) =a® (nb).

PROOF. We prove the left-hand equality; the proof of the right-hand equality
is analogous. Suppose first that n > 1. The case n = 1 is trivial, so we assume,
inductively, that the case n = r — 1 has been proved and prove the case n = r. By
using the first of the defining relations, we find

(ra)@b=(a+(r—1)a)@b=a®b+ ((r—1)a)®b
=a®b+(r—1)(a®b) =r(a®b),
which proves the induction step. Next, we have
08b+02b=(04+0)®b=0®b,

and subtracting 0 ® b on both sides, we find 0 ® b = 0. This proves the case n = 0.
Finally, suppose that n < —1. By what was just proved, we find

(na) @b+ (—na) @b = (na+ (—na)) @b=01 b = 0.
Hence, since —n > 1, we find
(na)@b=—((—na)®b) =—(—n(a®b)) =n(a®b)
as desired. O
COROLLARY 2.2. The additive map
[ R®(R/7Z) - R® (R/7Q)
defined by f(z ® (y + 7Z)) = ® (y + Q) is an isomorphism.
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PRrROOF. To prove the corollary, we define an additive map
7:R® (R/m7Q) - R® (R/7Z)

and show that f and g are each other’s inverses. To this end, we claim that the
formula g(z,y + 7Q) = 2 ® (y + 7Z) gives a well-defined bi-additive map

g: Rx (R/7Q) — R® (R/7Z).

Indeed, suppose that the elements (z1,y1 +7Q) and (22, y2+7Q) of Rx (R/7Q) are
equal. In this case, we have 1 = x5 and y; — y2 € 7Q, so if we write x = 1 = x5
and y; — y2 = 7 - (m/n), then we find

1@ +7Z) —22® (Y2 + 72) =2 ® (y1 — y2 + 7Z)

m 1 m
- P 7)) — — . D 7
x® (m n+7r) - (nz) ® (7 n+7r)
1
=—-2z@(m-m+7Z)=0
n
which shows that g is well-defined as claimed. Here the third and fourth equalities
follow from Lemma 2.1. Moreover, the defining relations for the tensor product
R ® (R/%Z) show that g is a bi-additive map. Therefore, it gives rise to the desired
additive map g defined by the formula g(z ® (y + 7Q)) = 2 ® (y + 7Z). It is clear
from this formula that the maps f and g are each other’s inverses. Hence, the map
f is an isomorphism as stated. (]

We next recall that the direct sum By & By of the abelian groups By and B; is
defined to be the set of ordered pairs (b1, by) with componentwise sum.

LEMMA 2.3. Let A, By, and Bs be abelian groups. Then the additive map
f:(A®B1)® (A® By) » A® (B @ Bs)
defined by f(a1 ® b1,a2 ® ba) = a1 ® (b1,0) + az ® (0,b2) is well-defined and an
isomorphism.

PRrROOF. We first argue that f is well-defined. To this end, it suffices to show
that the additive maps f1: AQB; — A®(B1®Bs) and fa: AQ By — A®(B1® Bs)
defined by fi(a ® b1) = a ® (b1,0) and fa(a ® b2) = a ® (0, ba), respectively, are
well-defined. To show that f; is well-defined, we must show that

fillatd)@bi) = fila®b1) + fi(a @ b1)
fila@ (b +01)) = fila®b1) + fr(a @ by).
By the definition of the map f;, this amounts to showing that
(a+d") @ (b1,0) = a @ (b,0) +a' @ (b1,0)
a® (by +b1,0) =a® (b1,0) +a® (b},0),
which follows from the defining relations of the tensor product A ® (By @ Bs). So
the map f1 is well-defined. The proof that f5 is well-defined is entirely similar, so

f is well-defined as stated.
To prove that f is an isomorphism, we let

g: A® (B1 ® B2) = (A® By) ® (A® Bs)
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to be the additive map defined by g(a ® (b1,b2)) = (a ® b1, a ® by). We leave it to
the reader to verify that the map g is well-defined. Finally, we check that fo g and
g o f are equal to the respective identity maps. First,

(fog)a® (b,b2)) = fla®bi,a®by)
=a® (b170> +a® (07b2)
=a® (bla b2)a
where the last equality follows from the defining relations of the tensor product
A® (B1 ® Bs). Second,
(go f)(a1 ®by,as ®bs) = gar ® (b1,0) + a2 ® (0,b2))
= g(a1 ® (b1,0)) + g(az ® (0,b2))
= (a1 ®b1,0) + (0,a2 @ b2)
= (a1 ® by, a2 ® by),

where the second equality follows from g being additive. This shows that f is an
isomorphism and that g is the inverse map of f. (I

More generally, let B; (i € I) be a (possibly infinite) family of abelian groups.
We recall that the direct sum @, ; B; is defined to be the abelian group given by
the set of all tuples (b; | ¢ € I) such that all but finitely many of the components b;
are equal to zero with componentwise addition. The map

iIljZ Bj — @ BZ
il
that to b € B, associates the tuple (b; | 4 € I) with b; = b;, if ¢ = j, and b; = 0,
otherwise, is an additive map.

ADDENDUM 2.4. Let A and B; (i € I) be abelian groups. Then the map

f PAeB)— A (P B)

i€l iel
defined by f(a; @b; | i€ I) =) ,c;a®in;(b;) is well-defined and an isomorphism.

PrOOF. The proof is similar to the proof of Lemma 2.3; we leave it as an
exercise to the reader to write out the details. O

The abelian group R/7Q has a natural structure of Q-vector space with the
scalar multiple of y + 7Q € R/7Q by ¢ € Q defined by ¢ - (y + 7Q) = qy + 7Q.
Similarly, the abelian group R ® (R/7Q) has a natural structure of R-vector space
with the scalar multiple of 2 ® (y + 7Q) € R ® (R/7Q) by a € R defined by
a-z® (y+7Q) =axr® (y+ Q). We recall that, in general, if V' is a vector space
over the field &, then there exists a basis S C V. We also recall that the subset
S ={v; | i €I} CV is a basis if and only if the k-linear map f: @, .,k — V
defined by f(a; |i € I)=>..;a;v; is an isomorphism.

icl
icl

PROPOSITION 2.5. If the subset S = {y; +7Q | i € I'} is a basis of the Q-vector
space R/mQ, then the subset T = {1® (y; + 7Q) | i € I} is a basis of the R-vector
space R® (R/7Q).
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ProOF. If S = {y; + 7Q | i € I} is a basis of the Q-vector space R/7(Q, then

the Q-linear map g: @, ; Q — R/mQ given by g(q; | i € I) = >,/ (qiy: + Q) is
an isomorphism. It follows that the R-linear map

h:Re (PQ) - Re (R/7Q)
iel
defined by h(a® (¢; | i € I)) = a®g(g; | ¢ € I) is an isomorphism. We further
recall from Addendum 2.4 that the map

- DReQ-Re (DO
i€l i€l
defined by f(a® (q; | i € I)) = ;c;a; ® ini(g;) is an isomorphism. Moreover, we
claim that the formula e(a) = a ® 1 defines an R-linear isomorphism

e:R—=R®Q.

Indeed, by writing ¢ = m/n and using Lemma 2.1, we see as in the proof of
Corollary 2.2 that the map d: R ® Q — R defined by d(a ® q) = aq is well-defined
and that doe and e od are equal to the respective identity maps. Finally, we leave
it as an exercise to the reader to verify that the composition

c:hofo(@e): @ R - R® (R/7Q)
iel il
is given by the formula

clailie D)= ai-(1® (g +7Q)).
iel
This shows that the subset T = {1 ® (y; + 7Q) | ¢ € I} is a basis of the R-vector
space R ® (R/7Q) as stated. O

REMARK 2.6. It follows, in particular, from Proposition 2.5 that the Q-vector
space R/mQ and the R-vector space R ® (R/7Q) have the same dimension. (The
dimension of a vector space is defined to be the cardinality of a basis. It is a
theorem that any two bases of the same vector space have the same cardinality.)
The common dimension is necessarily uncountably infinite. For on the one hand,
every countably infinite dimensional Q-vector space is itself countable, and on the
other hand, the set R/7Q is uncountable. In effect, it is not difficult to show that

dimg(R ® (R/7Q)) = dimg(R/7Q) = card(R) = oo,
COROLLARY 2.7. Suppose that 0 + 7Q is a non-zero element of R/mQ. Then
1® (0 +7Q) is a non-zero element of R ® (R/7Q).

PROOF. Let S = {y;+7Q | i € I} be a basis of the Q-vector space R/7Q, and
let T ={1® (y; + 7Q) | i € I} be the corresponding basis of the R-vector space
R ® (R/7Q) given by Proposition 2.5. We write 0 + 7Q as a Q-linear combination

0+7Q=> ay + Q).
iel
Since #+7Q is assumed to be non-zero, it follows that at least one of the coordinates
¢; € Q is non-zero. Now, we claim that

1@ 0+7Q) =Y 106y +7Q) =Y ¢:® (1 +7Q) = Y ¢:(1® (3 + Q).

el iel iel



SCISSOR’S CONGRUENCE GROUPS 11

Indeed, the first equality follows from the defining relations of the tensor product
R® (R/7mQ); the second equality follows from Lemma 2.1 upon writing ¢; = m;/n;;
and the last equality follows from the definition of the R-vector space structure
on R® (R/7Q). We conclude that at least one of the coordinates of the element
1® (0 + 7Q) with respect to the basis T is non-zero. Therefore this element is
non-zero as stated. O

REMARK 2.8. We may also consider R/7Z and R/7Q as topological spaces
with the quotient topology induced by the standard metric topology on the real
line R. The first space is easy to visualize as a circle of radius w. However, the
second space is not easily visualized. It is a totally disconnected space which means
that the only connected subsets are the empty set and the subsets that consist of
a single point.

Now, let o be a proper 3-simplex in R?, and let e be an edge (1-face) of 0. We
define the dihedral angle of o at e to be the interior angle

0(o,e) € R/7Z

between two normal vectors to |e| that lie in the two 2-faces |7| and |7/| of |o| that
intersect in |e| and that point into these faces.

Let also ¢(e) € R be the length of the geometric edge |e|. The Dehn invariant of
the proper 3-simplex o in R3 is defined to be the sum

D(o) = ZE(U, e)®0(o,e) e R® (R/7Z)

which ranges over the (six) edges e of o.

DEFINITION 2.9. The Dehn invariant of the polytope P C R? is the sum

D(P)=> D(0:) € R® (R/7Z)
i=1
of the Dehn invariants of the simplices in a triangulation {o1,...,om} of P.
It is clear from this definition that if P, P’ C R? are scissor’s congruent poly-

topes, then D(P) = D(P’). However, it is not at all clear that the Dehn invariant
is well-defined. We need the following result.

LEMMA 2.10. The Dehn invariant D(P) of the polytope P C R? is independent
of the choice of triangulation {o1,...,0m} of P.
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PROOF. In view of Lemma 1.5, it suffices to show that if {of,...,00,} is a
triangulation of the geometric 3-simplex |o|, then

= iD(OJ
i=1

or equivalently,

ZE( ) ®06(o,e) = iz "N®0(ol,e).

eCo
To this end, we rewrite the right-hand side as
ZZE(e )@ 6(ol, e ZE (Z 0(al,e)
e'eEicl(e’) ek i€l(e’)
where E is the set of 1-simplices ¢’ that are contained in one of ¢f,...,0/,, and
where I(e') = {i | ¢’ C o}}. The set E is the disjoint union
E=E, UE, U E;,
where €’ € Fj if |€/| is contained in an edge |e| of |o|, where e’ € Es if the interior
of |¢/| is contained in the interior of |o|, and where ¢’ € Fj if the interior of |¢/| is
contained in the interior of a face of [o|. If ¢’ € Ej then } ;. 0(05, €') = 2m+7Z,
and if ¢’ € E3 then 3,/ 0(0}, €') = m + wZ. Therefore,
Stuee (D o) = U (> o).
) icl(e’) e EE, icl(e’)
Finally, we write the set F as the disjoint union
Ey =[] Ea(e)
eCo

where Fj(e) C Ej is the subset whose elements are the e’ with |e’| C |e|. Since the
geometric edges |€/| with e’ € F4(e) subdivide the geometric edge |e|, we have

Z (e
e’€E(e)
Moreover, for every edge e C o and every ¢’ € Ey(e), we have
O(o,e) = Z 0(c;, €.
icl(e’)
Therefore, we find that

dlle)@0(oe)=> > U@ (Y o))

eCo eCoe’€FE1(e) zel(e/)
=D U@ () blo)e))
e'€E, i€l(e’)
as desired. This completes the proof. O

REMARK 2.11. Let P C R3 be a polytope and let {o71,...,0.,} be a triangula-
tion of P. We see as in the proof of Lemma 2.10 that

ZZ )@ 0(oie) = > L)@ (Y 0(oi,0)),

i=1eCo; ecE i€l(e)
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where E is the set of 1-simplices that are contained in one of the o1,...,0,,, and
where I(e) = {i | e C 0;}. Again, if the interior of |e| is contained either in the
interior of P or in the interior of a face (we have not defined what this means in
general) of P, then }_, ., 0(0i, €) is zero in R/7Z. Therefore, when we calculate
the Dehn invariant D(P), we can ignore the edges e of this kind.

THEOREM 2.12 (Dehn [3]). The cube C' and the regular tetrahedron T of equal
volume are not scissor’s congruent.

PrOOF. It suffices to show that D(C) # D(T). Let ¢ and ¢r are the length
of the edges in C' and T'. Using Remark 2.11, we find that
D(C) = 12-€c®(g+7rZ) =0
D(T)=6-{r ® (0 +7Z)
where the angle 0 < 6 < 7 is determined by
1
0)= .
cos(0) 3
We claim that 6 ¢ 7Q. Granting this, we see that D(T") is non-zero in R® (R/7Z).
Indeed, the claim shows that 8 + 7Q is non-zero in R/7Q, and hence, Corollary 2.7
shows that 1 ® (6 + 7Q) is non-zero in R ® (R/7Q). Finally, Corollary 2.2 shows
that 1 ® (6 + 7Z) and hence D(T) is non-zero in R ® (R/7Z).

To prove the claim, we first show that if cos(d) = 1/3, then for every positive
integer cos(nf) = a, /3", where a,, is an integer not divisible by 3. We proceed by
induction beginning from the case n = 1 which is trivial. So we assume that the
cases n < r hold and prove the case n = r 4+ 1. Now, as is well-known,

cos((r + 1)8) + cos((r — 1)0) = 2 cos(r8) cos(0),
from which we conclude that
cos((r + 1)8) = 2 cos(rd) cos(0) — cos((r — 1)8)

2a, Ar_1 2a, — 9a,_1

= 3r+1 37"71 - 3T+1
Since a, and a,_1 are integers not divisible by 3, so is a,+1 = 2a, — 9a,—1. This
proves the induction step. We conclude, by induction, that cos(nf) = a, /3™ with
an an integer not divisible by 3 for all positive integers n. In particular, for every
positive integer n, the rational number cos(nfd) is not an integer.
We can now prove the claim. For suppose, conversely, that

0="rcrQ
n
with n a positive integer. In this case, nf = mm, and hence,
cos(nf) = cos(mm) = £1
which is an integer. We conclude that 6 ¢ 7Q as claimed. O

In the next lecture, we will begin to formulate and answer the question of how
to “parametrize” all polytopes P C R3 “up to scissor’s congruence.”
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3. The scissor’s congruence group

We wish to parametrize polytopes in R™ up to scissor’s congruence. To make
this problem precise, we introduce the scissor’s congruence group.

DEFINITION 3.1. Suppose that P,QQ C R™ is a pair of polytopes with the
property that also P U Q C R" is a polytope and that there exists a triangulation
{01,-..,0k,Okt1,--.,0m} of PUQ such that {o1,...,01} and {ok41,...,0m} are
triangulations of P and Q. In this case, the polytope P U @ is denoted P + @ and
called the polytope sum of P and Q.

The polytope sum P + @ is not defined for every pair of polytopes P, @ C R".
For example, the polytope sum P+ P is not defined unless P is the empty polytope.
However, the polytope sum P+ @ is clearly defined whenever P and () are disjoint.
And if P,@Q C R™ is an arbitrary pair of polytopes, we can always find a translation
ty: R™ — R™ such that P and Q' = t,(Q) are disjoint.

DEFINITION 3.2 (Jessen [7]). The scissor’s congruence group of R is defined
to be the abelian group given by the quotient

PR") = F(R")/R(R")
of the free abelian group F'(R™) with one generator (P) for every polytope P C R
by the subgroup R(R™) C F(R™) generated by the following elements (i)—(ii):
(i) For every pair of polytopes P, C R™ for which the polytope sum P + @ is
defined, the element
(P+Q)—(P)—(Q)

is a generator of R(R™).
(ii) For every polytope P C R™ and every isometry f: R™ — R"™, the element

(P) = (f(P))
is a generator of R(R™).
The class (P) + R(R™) € P(R™) that contains the polytope P C R" is denoted [P)].

Let P,Q C R™ be a pair of polytopes, and let Q' be a translation of Q such
that P and Q' are disjoint. In this case, the polytope sum P + Q' is defined, and
by relations (ii) and (i), respectively, we find that

[Pl+ @] =[Pl +[Q]=[P+Q

In this way, we can interpret the sum of the classes [P] and [Q)] in terms of polytope
sum. It follows that every element in P(R™) can be written (non-uniquely) as a
difference [P] — [Q] between the classes of two polytopes.

LEMMA 3.3. Let P and P’ be two polytopes in R™. The following are equivalent.
(1) The classes [P] and [P'] in P(R™) are equal.
(2) There exists two scissor’s congruent polytopes Q and Q' in R™ such that the
polytope sums P+ Q and P’ + Q' exist and are scissor’s congruent.

ProOF. We first show that for R, R* C R™ two scissor’s congruent polytopes,
we have [R] = [R’]. By the definition of scissor’s congruence, we have triangulations
{o1,...,0m} of Rand {o],...,0,,} of R’ and isometries fi,..., fi, of R such that
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f(loi|) = |o}| for all 4 = 1,...,m. Therefore, by the definition of the scissor’s
congruence group, we find

m m m

[R]= [loall =D _[fillosD) = D _[loil] = [R]

i=1 i=1 i=1

as desired. Here the first and last equalities follow from the relation (i) and the
second equality follows from the relation (ii).

Now, suppose that (2) holds. Then [Q] = [Q'] and [P+ Q] = [P’ + Q'] by what
was just proved. Therefore, using Remark 3.1, we find that

[P]=[P]+[Ql-[Q=[P+Q] -]
=[P'+Q1-[Q1=[P+[Q]-[Q]=[F]

which proves (1).

Conversely, suppose that (1) holds. Then the difference (P)—(P’) is an element
of R(R™) C F(R™), and hence, can be written as a sum

T S

D (R +85) — (Ri) = (50) = D (T3 +Uj) = (T3) = (Up) + D ({Vie) — (W),
k=1

i=1 j=1
where the first and second summands are instances of the relation (i), and where
the last summand are instances of the relation (ii). It follows that

(P) + Z(<R¢> +(S)) + D AT +Up) + > (W)

j=1 k=1
T s t
= (P) + D (Ri+ 8i)+ ) (Tj) + (U) + D (V).
i=1 j=1 k=1
This is an equality of two sums of generators in the free abelian group F(R™). Such
an equality holds if and only if the generators that appear on the left-hand side
are equal, up to reordering, to the generators that appear on the right-hand side.
From this equality, we find that the two polytopes defined by the following polytope

sums are scissor’s congruent. Here, we write (—)” to indicate suitable translation
to make the two polytope sums exist.

r s t
P+ > (RI+S8)+> (T +U)" + > Wy
i=1 j=1 k=1

T s t
P+ (Ri+ S)"+ ) (1) +U)) + > V.
i=1 j=1 k=1
Now, if we define Q and @’ to the polytope sums

T s t
Q= (R +5/)+ > (T +U;)" + > Wy
=1 j=1 k=1

T s t
Q= (Ri+S)"+> (T +U)+> W,
i=1 j=1 k=1

then P 4+ @ and P’ + Q' are scissor’s congruent. But @ and Q' are also scissor’s
congruent. Indeed, R + S/ is scissor’s congruent to R; +.5; which is a translation
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of (R;+ S:)"; (T; +U;)" is a translation of T} 4+ U; which is scissor’s congruent to
T} + Uj; and Wy is a translation of Wy, which is a translation of Vi, which, in
turn, is a translation of V}/". This proves (2). O

THEOREM 3.4 (Zylev [17]). Let P,P',Q,Q" C R™ be polytopes such that the
polytope sums P + Q and P’ + Q' exist and are equal. If Q and Q' are scissor’s
congruent, then also P and P’ are scissor’s congruent.

PrOOF. We will use the following facts (a)—(b) without proof.
(a) If A, B C R™ are polytopes, then so is the subset A - B C R™ defined to be
the closure of the intersection of the interior of A and the interior of B.
(b) If A C B C R™ are polytopes, then so is the subset B — A C R™ defined to
be the closure of the complement of A in B, and B = A+ (B — A).
By subdividing @ and @', we can find polytopes Q1,...,Q, and Q},..., Q. such
that Q = Q1+ -+ Qr and Q' = Q) + --- + Q.., and such that for all 1 < < r,
the polytopes @; and Q) are scissor’s congruent and their common volume strictly
smaller than half the common volume of P and P’. The proof of the theorem is by
induction on the number r > 0 of summands. The case r = 0 is trivial, since @) and
Q' are both empty. So we let 7 > 0 and assume that the theorem has been proved
for smaller values of r. Since the volume of Q. is strictly smaller than the volume
of P— (P -Q.)), we can find pairwise disjoint polytopes Ry,...,R. C P — (P-Q.)
such that R; and Q; - Q) are scissor’s congruent for all 1 < ¢ < r. We now define
Q1,...,Q, and P to be the polytopes

Qi=(Qi—(Qi-Q.)+R;
P=(P+Q) —Q— Qi+ +Qr)

Now, for all 1 < i < r, the polytopes C:?i and @; are scissor’s congruent, and hence,
scissor’s congruent to Q;. Moreover, P and P have the same volume. Since also

Pr=P'+Q)-Qr =@+ -+ Q1)
the inductive hypothesis shows that P and P’ are scissor’s congruent. It remains
to show that P and P are scissor’s congruent. To this end, we define
P=P= R+t R)+ Q@)+ +(Qr- Q).

The polytopes P and P are scissor’s congruent, since R; and @Q; - Q). are scissor’s
congruent for all 1 < ¢ < r. Finally,

p = ]5 - Q; + Qr
which shows that also P and P are scissor’s congruent. We conclude that P and

P are scissor’s congruent, and hence, that P and P’ are scissor’s congruent. This
completes the proof of the induction step. (Il

COROLLARY 3.5. The following are equivalent for polytopes P, P’ C R™.
(a) The classes [P] and [P'] in P(R™) are equal.
(b) The polytopes P and P’ are scissor’s congruent.

PRrOOF. It follows from Lemma 3.3 that (b) implies (a). Suppose, conversely,
that [P] = [P’]. By Lemma 3.3, there exists scissor’s congruent polytopes @ and @’
such that the polytope sums P+Q and P’'+Q’ exist and are scissor’s congruent. We
define polytopes P” and Q" that are scissor’s congruent to P’ and Q’, respectively,
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and for which P” + Q" = P + . Given these, Zylev’s theorem shows that P and
P and hence, P and P’ are scissor’s congruent as desired. Let {o1,...,0,} be
a triangulation of P + @, let {o],...,00,} be a triangulations of P’ + Q’, and let
fi,--., fm be isometries of R with f;(|o;|) = |o%|. Let U C P + @ be the union of
the interiors of the geometric simplices |o1],...,|om|, and let U’ C P’ + @’ be the
union of the interiors of the geometric simplices |o1],...,|ol,|. Let f: U — U’ be
the homeomorphism whose restriction to the interior of |o;| is the isometry f;. We
now define P C R™ to be the closure of f~1(U’NP’) and define Q” C R™ to be the
closure of f~1(U’' N Q’). Using Lemma 1.5, we see that P and Q" are polytopes
and that Q" is scissor’s congruent to Q’. Finally, it is clear from the definition that
the polytope sum P” + Q" exists and is equal to P + Q. O

REMARK 3.6. The definition of the congruence group is an example of the
general group-completion construction introduced by Grothendieck in his famous
work on the Riemann-Roch theorem [1]. To briefly explain the construction, let M
be an abelian monoid. We use additive notation and write z+y for the composition
of the elements x,y € M. The group completion (or Grothendieck group) of M is
the abelian group K (M) defined by the quotient

K(M) = F(M)/R(M)

of the free abelian group F(M) with one generator (x) for every x € M by the
subgroup R(M) C F(M) generated by the elements

(@ +y) — (&) = {y)
for all x,y € M. Let [z] = () + R(M) € K(M). There is a canonical monoid map
¥ M — K(M)

defined by 4(x) = [z]. This map has the following universal property: For every
abelian group A and every monoid map f : M — A, there exists a unique group
homomorphism f: K (M) — A such that f = fo#. The map 7 is injective if
and only if for all z,y,z € M, x + z = y + z implies that x = y. In this case
we say that cancellation holds in M. We note that cancellation holds in K (M)
because every element has an additive inverse. The group-completion construction
introduces formal additive inverses of the elements in M. For example, if Ny be the
additive monoid of non-negative integers, then K (Ny) is (canonically isomorphic
to) the additive group Z of all integers.

Now, let M (R™) denote the set of equivalence classes of polytopes P C R™ under
the equivalence relation of scissor’s congruence, and let (P) denote the equivalence
class that contains the polytope P. For all (P),(Q) € M, we define

(P)+(Q) = (P +Q"),

where @’ is a translation of @ such that the polytope sum P + Q' is defined. We
leave it as an exercise to the reader to verify that (P) 4+ (Q) is well-defined. It
follows from the definition of the scissor’s congruence group P(R™) that the map

f: M(R") — P(R")

defined by f((P)) = [P] is a monoid map and that it has the same universal
property as the map 7: M(R"™) — K(M(R"™)). Therefore, the induced map

f: K(M(R")) — P(R")
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is an isomorphism of abelian groups; the inverse is the unique group homomor-
phism ~: P(R") — K (M) induced by the monoid map 4. By Corollary 3.5, we
see that cancellation holds in the monoid M (R™). When he defined the scissor’s
congruence group in 1941, Jessen apparently did not realize the very general nature
and importance of the construction. It was left for Grothendieck to discover this
fifteen years later. Group-completion has played a central role in mathematics ever
since.
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4. The group P(R?)

We recall from Definition 3.2 that the scissor’s congruence group P(R™) is
defined to be the quotient F'(R™)/R(R"™) of the free abelian group F'(R™) with one
generator (P) for every polytope P C R™ by the subgroup R(R™) generated by the
elements (P + Q) — (P) + (Q), for all polytopes P,Q C R™ such that the polytope
sum P + @ exists, together with the elements (P) — (f(P)), for every polytope
P C R™ and every isometry f: R™ — R™. We define a group homomorphism

vol = vol,,: P(R") — R

that to the generator [P] = (P) + R(R"™) associates the (n-dimensional) volume of
P as follows. There is a unique group homomorphism vol’: F(R") — R that takes
the generator (P) to the volume of P; it maps the element Y ,np(P) of F(R")
to the real number ", np vol(P). Now, if P, C R™ are two polytopes such that
the polytope sum P + @ exists, then vol(P + Q) = vol(P) 4 vol(Q), and therefore,
vol'((P + Q) — (P) — (Q)) = 0. Similarly, if P C R" is a polytope and f: R" — R"
an isometry, then vol(P) = vol(f(P)), and hence, vol' ((P) — (f(P))) = 0. It follows
that vol'(R(R™)) = 0, so the group homomorphism vol: F(R") — R induces a
group homomorphism vol: P(R™) — R as desired.

LEMMA 4.1. The group homomorphism vol: P(R) — R is an isomorphism.

PROOF. Let F: R — P(R) be the map that takes a > 0 to the class [[0, a]]
of the interval [0,a] C R, that takes a < 0 to the opposite —[[a,0]] of the class
of the interval [a,0] C R, and that takes 0 to 0. We claim that F is a group
homomorphism. Indeed, if 0 < a,b < a + b, then

F(a) + F(b) = [[0, a]] + [[0, 8] = [[0, a]] + [[a, a + b]]
=1[[0,a+b]] = F(a + b);
ifa<0<a+b<b, then
F(a) + F(b) = —[[a, 0] + [[0,0]] = —[[a, 0]] + [[a, a + b]]
=[[0,a + b]] = F(a + b);
and similarly forb<0<a+b<a;ifa<a+b<0<b, then
F(a) + F(b) = —[[a, 0] + [[0,0]] = —[[a, 0]] + [[a, a + b]]
= —[la+b,0]] = F(a +);
and similarly for b < a + b < 0 < a; and finally if a + b < a,b < 0, then
F(a) + F(b) = —[[a, 0]] = [[b,0]] = —[[a, 0]] = [[a + b, a]]
= —[la+b,0]] = F(a +);
this proves the claim. It follows immediately from definitions that voloF' is equal
to the identity map of R. To prove that also F o vol is equal to the identity map
of P(R), it will suffice to show that [P] = F(vol([P])) for every polytope P C R.
Indeed, since F'ovol and idp(g) are group homomorphisms, it suffices to prove that

they take the same value on a set of generators of the group P(R). Now, for every
polytope P C R there exists a1 < b1 < as < by < --- < a, < b, such that

P = [a/labl] + [a/QabQ] + e + [a’r‘)b’!‘]'
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It follows that, if we write b; = a; + ¢;, then

[P] = [la1, b1]] + - - + [[ar, by]]

[0, e1]] + [[Clacl +el+ -+ e+ e, o1 o]
[[0,¢1+ -+ ]

= (F ovol)([P])

which shows that F' o vol = idpg) as desired. This proves the lemma. [l

LEMMA 4.2. For every positive integer n, there is a group homomorphism
E: P(R") — P(R™)
that to the class of P associates the class of the cylinder P x [0,1].
PrROOF. We claim that if P C R" is a polytope, then so is the cylinder
Px[0,1] C R" x R = R"",

To prove this, we may assume that P = |o]| is the geometric n-simplex associated
with a proper n-simplex o = (aq, ..., a,). Now, if we let b; = (a;,0) € R™ x R and
¢i = (a;,1) € R™ X R, then the n + 1 proper (n + 1)-simplices

00 = (bOa €0,C15-+-5Cn—1, Cn)

g1 = (bo,bl,cl, .. .,cn_l,cn)

Op = (bo,bl, . .,bn_l,bn,cn)

define a triangulation {oo,...,0,} of |o| x [0, 1], proving the claim. The following
figure illustrates the triangulation for n = 1.

co C1

bo by

It follows that there is a group homomorphism E’: F(R") — P(R"*!) that to
the generator (P) associates the class [P x [0,1]]. It remains to show that E’
maps the subgroup R(R™) C F(R"™) to zero, and hence, induces the stated group
homomorphism E: P(R") — P(R"*1). Now, if P, C R™ are polytopes such that
the polytope sum P + @ exists, then the polytope (P x [0,1]) + (@ % [0, 1]) exists
and equal to (P 4+ Q) x [0,1]. Finally, if f is an isometry of R™, then f x id is an
isometry of R” x R and (f x id)(P x [0,1]) = f(P) x [0,1]. We conclude that E’
maps the subgroup R(R™) C F(R™) to zero as desired. O

We can now restate Theorem 1.1 as the following calculation of the scissor’s
congruence group of the plane.
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THEOREM 4.3. The group homomorphisms

E vol

P(R) P(R?) R

are both isomorphisms.

PROOF. We note that voly o E = voly : P(R) — R which is an isomorphism by
Lemma 4.1. It follows that E is injective and that vol is surjective. Moreover, the
image of E is a subgroup im(E) C P(R?) and Theorem 1.1 shows that it contains
the class [P] of every polytope P C RZ2 Since these classes generate P(R?), it
follows that im(E) = P(R?). Hence, the map E is also surjective and therefore an
isomorphism. We conclude that also voly is an isomorphism. (]

COROLLARY 4.4. The composition of the group homorphisms

E vol

P(R?) R

P(R?)
is an isomorphism. In particular, the left-hand map E is injective.

PrROOF. Indeed, we have volgo FF = voly: P (RQ) — R which is an isomorphism
by Theorem 4.3. O

The group P(R™) is generated by the classes of the proper geometric n-simplices.
Indeed, if P C R™ is a polytope and if {o1,...,0,,} is a triangulation of P, then

[Pl =[lo]+ - +lom|] = [loa|] + - + [lom]].
We use this to make the following calculation.
LEMMA 4.5. The composition of the group homomorphisms

E D

P(R?) P(R?) R ® (R/7Z)

s equal the zero map.

ProOOF. It will suffice to show that for every triangle |o| C R? in the plane,
the cylinder |o| x [0,1] C R? has trivial Dehn invariant. As the following figure
illustrates, there are a total of nine edges in |o| x [0, 1].

—

Six of these are of the form |7| x {0} or || x {1}, where |7] is an edge of |o|, and
the remaining three are of the form |v| x [0,1], where |v] is a vertex of |o|. The
dihedral angles at the former six edges all are equal to 7/2, and hence, these edges
do not contribute to D(|o| x [0,1]). The sum of the dihedral angles at the latter
three edges is equal to 7, and since the three edges all have the same length 1, they
also do not contribute to D(]o| x [0,1]). The lemma follows. O
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The sequence of abelian groups and group homomorphisms

Atoptoc

is said to be exact if im(f) = ker(g). Here,
im(f) ={f(a)|lac A} C B
ker(g) ={be€ B | g(b) =0} C B.

We note that im(f) C ker(g) if and only if g o f is the zero homomorphism. For
example, we have proved in Lemma 4.4 that the sequence

E

0 P(R?) P(R?)
is exact. Indeed, the kernel of F is zero, since F is injective.
THEOREM 4.6 (Sydler [14]). The sequence

E D

P(R?) P(R?) R ® (R/7Z)

18 exact.

We proved in Lemma 4.5 above that im(E) C ker(D). The more diffucult
statement that im(E) is equal to ker(D) was proved by Sydler in 1965. We will
outline a proof following Dupont [5] in the next section.

COROLLARY 4.7. The two polytopes P, P’ C R? are scissor’s congruent if and
only if vol(P) = vol(P’) and D(P) = D(P’).

PROOF. Suppose first that P, P’ C R? are two scissor’s congruent polytopes.
We proved in Proposition 1.7 that vol(P) = vol(P’), and a similar proof shows that
D(P) = D(P"). Suppose conversely that P, P’ C R?® are two polytopes for which
vol(P) = vol(P’) and D(P) = D(P’). We conclude from Theorem 4.6 that

[P] = [P'] = E(¢)
for some ¢ € P(R?). But
voly(§) = vol3(E()) = vols([P] — [P']) = vol3([P]) — vol3([P']) =0,
so by Theorem 4.3, we conclude that & = 0, and therefore, that [P] = [P']. Now,

Corollary 3.5 shows that P and P’ are scissor’s congruent as stated. (I

It turns out that the Dehn invariant is not surjective. In the remainder of
this section, we determine its image following Jessen [8]. We write R* for the
multiplicative group of non-zero real numbers.

LEMMA 4.8. There is a left action of the group R* on P(R™) with A € R* acting
through the group homomorphism uy: P(R™) — P(R™) defined by

() ifA>0
(P = {—[(—)\)P] if A <0.

PROOF. We first show that the group homomorphism py: P(R") — P(R") is
well-defined. It will suffice consider the case where A > 0. First, if P C R" is a
polytope, then so is the subset AP = {Az | x € P} C R™ which we call the dilation
of P by A. So there is a group homomorphism p : F(R™) — P(R™) that maps (P)
to [AP], and we must show that p) maps R(R") to zero. First, if P,Q C R™ are
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polytopes such that the polytope sum P+ @ is defined, then also the polytope sum
AP + AQ is defined and is equal to A(P + Q), so ph((P + Q) — (P) — (Q)) = 0.
Second, let P C R™ be a polytope and let f: R” — R™ be an isometry. We write
J as the composition f = tyq) o f of the orthogonal transformation f and the
translation ¢ () as in Remark 1.3. Now, we have

M (P) = M) (F(P)) = tar0)(AF(P)) = tapo)(F(AP))

which shows that also p ((P) — (f(P))) = 0. This proves the group homomorphism
ux: P(R™) — P(R") is well-defined. Finally, it remains to show that the group
homomorphisms py: P(R") — P(R™) with A € R* constitute a left action of the
group R* on P(R™). This means that for all A, u € R*, py o py = pxn. However,
this follows immediately from the definition. (]

REMARK 4.9. If V is a real vector space, then we obtain a left action of R*
on V by letting A € R* act through scalar multiplication by A\. However, the left
action by R* on P(R™) does not extend to a real vector space structure on P(R™)
except in the case n = 1. Indeed, for n > 2, the group homomorphisms

pa+ns fix + pa s P(R™) — P(R™)

are not equal. For instance, the figure

1(2)(P)
P (P L(1)(P)

illustrates that for n = 2, the maps ps and p; + p1 are different.
COROLLARY 4.10. The image of the Dehn invariant
D: P(R?) - R® (R/77Z)
is a subspace of the real vector space on the right-hand side.

PROOF. Since D is a group homomorphism, im(D) is an additive subgroup.
We must show that im(D) is stable under scalar multiplication. It suffices to show
that for every polytope P C R™ and every positive real number A, AD(P) € im(D).
But by the definition of the Dehn invariant, we have AD(P) = D(AP). O

ProprosSITION 4.11. The image of the Dehn invariant
D: P(R?) - R® (R/7Z)
15 equal to the subspace generated by the elements
cota® a+cot B® [ — cot(a* B) ® (a* ),

where o, B € (0,7/2) and o x 8 € (0,7/2) is the unique solution to the equation

2

sin?(a * §) = sin” a - sin” 3.
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PROOF. We recall from the discussion that precedes Lemma 4.5 that P(R3) is
generated by the classes of all tetrahedra (proper geometric 3-simplices) T C R2.
In effect, we claim that the following special type of tetrahedra generate P(R3).

D

B

Indeed, every tetrahedron can be written as the polytope sum of six tetrahedra,
three of which are of this special type and the remaining three of which are mirror
reflections of tetrahedra of this speical type. Now, every tetrahedron of the special
type, in turn, is of the form AT'(«, 3), where A is a positive real number, and where
T(c, ) C R3 is the tetrahedron with vertices

A= (0,0,0),

B = (cot @, 0,0),

C = (cot a, cot a cot 3,0),

D = (cot , cot a cot 3, cot 3).

Here o, 8 € (0,7/2) and « * ( is defined as in the statement. It follows that the
Dehn invariants of the tetrahedra T'(a, 8) with «, 8 € (0, 7/2) generate the subspace
im(D) C R® (R/7Z). By definition, we have

0(AC) = 6(BC) = §(BD) = g
and by elementary geometry, we find
0(AB) =a,  0(CD)=8,  6(AD)= g —axf

cot a cot 3

L(AD) = cot(a * ), L(AC) =

sin3’ sina’
From this, we conclude that
D(T(a,B)) =cota®a+cot B [ — cot(ax ) ® (ax* )
as stated. This completes the proof. O

DEFINITION 4.12. The real vector space of absolute Kéahler differentials of R is
the quotient real vector space
Oz = F/R,
where F' is the real vector space with basis {(a) | « € R} and R C F is the subspace
generated by the following elements (i)—(ii).
(i) For all a,b € R, the element (a 4+ b) — (a) — (b) is a generator of R.
(ii) For all a,b € R, the element (ab) — b(a) — a(b) is a generator of R.
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The universal derivation is the additive map
d: R — Qf
that to a associates da = (a) + R.

The relations (i)—(ii) imply the following identities (1)—(2), the second of which
is called the Leibniz rule.

(1) For all a,b € R, d(a + b) = da + db.
(2) For all a,b € R, d(ab) = bda + adb.

Let V' be a real vector space. The map D: R — V is said to be a derivation if it
satisfies (1)—(2). The universal derivation d: R — Q}, is a derivation. Moreover, if
D: R — V is any derivation, then there exists a unique R-linear map

hDZQ]lRHV

such that D = hp od. Indeed, since the elements da with a € R span Q}, and since
we require that hp(da) = D(a), there exists a most one such map hp. Conversely,
let b’ : F — V be the unique R-linear map that to (a) associates D(a). Since D is
a derivation, b, maps the subspace R C F to zero, and hence, induces the desired
R-linear map hp: Qf — V.

The Leibniz rule implies that d(1) = 0, and since d is additive, we conclude
that d(Z) = 0. Let ¢ € Q and write ¢ = m/n. We have

m m m m
0=d =d(n-—)=—d d(=) = nd(—
(m) = d(n- ™) = Zd(n) +nd(™) = nd("™),
and since n # 0, we find that d(Q) = 0.
LEMMA 4.13. There is a surjective R-linear map
C:R® (R/7Z) — Qi

defined by the formula

CUl® 0+ 7)) = {éf/ cos@)d(sin@) if cosf # 0

if cos@ = 0.
PRrROOF. We first show that C' is well-defined. If 6; — 02 € 7Z, then
(£/ cosby)d(sin 1) = (¢/ cos 03)d(sin 62)
as required. It is also clear that
C((ly +L2)@(0+7Z)) =Cl1 ® (0 +7Z)) + C(l2 ® (0 + 7Z)),
so it remains to show that
CUR (01402 +7Z) =C(L R (01 +7Z)) + C({ @ (02 + 7Z)).
To this end, we recall that
cos(f1 + 02) = cos 61 cos 02 — sin 01 sin Oy
sin(fy + 63) = cos 61 sin O3 + sin 61 cos bs.
Moreover, since cos? 6 + sin? @ = 1, we have

d(cosf) = — tan 6d(sin §),
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and therefore,
dsin(6y + 02) = d(cos 61 sin 02 + sin 07 cos 03)
= sin Oad(cos 1) + cos 1d(sin 03)
+ cos Od(sin 61 ) + sin H1d(cos 2)
cos 01 cos O3 — sin 6 sin 6y

= P d(sin )

cos 01 cos 05 — sin 64 sin 05

030, d(sin 63)
_ o8O £62) i) +
cos 0

cos(fy + 62)

0305 d(sin 03)

The desired identity follows by multiplying both sides by ¢/ cos(61 + 62).

We next show that C' is surjective. Since C' is R-linear, it suffices to show that
for all a € R, da € im(C). If a € Z, then da = 0 € im(C). And if ¢ ¢ Z, then
a € (n,n+ 1) for a unique n € Z. If n = 0, then we can write a = sin 6, so

da=C(1® (0 +nZ) € im(C).
If n # 0, then da = nd(a/n) which is in im(C) because d(a/n) € im(C). O
LEMMA 4.14. The composition of the group homomorphisms
PR3 —2>R® (R/7Z) —<= QL
s equal to the zero map.

PROOF. For all a € R, we have d(a?) = 2ada, so if a # 0, we find
da®) _ yda

a? a

We let o, 3, and a3 be as in the statement of Proposition 4.11 and write a = sin® a
and b = sin® 8 such that ab = sin*(a * 3). We now have

Clcota® a+ cot B® 3 — cot(a * 8) ® (o * 3))
_ d(sina)  d(sinf) _ d(sin(a < 8))

sin a 8 sin(a x 93)
_ 1(d(sin2 Q) n d(sin? 3) B d(sin? (o % ﬂ)))
2\ sin’a sin? 8 sin?(a % 3)
_l(da, b _ dab)y
2\ a b ab
= ﬁ(bda + adb — d(ab)) =0
which proves the lemma. ([

THEOREM 4.15 (Jessen [8]). The sequence
PR?) —2>R® (R/7Z) —<= QL

18 exact.
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The theorem amounts to the statement that the image of D, which we described
in Proposition 4.11, is equal to the kernel of C. We proved in Lemma 4.14 that
im(D) C ker(C). In the next section, we outline a proof that equality holds. The
theorems of Sydler and Jessen together with the ancient calculation of the scissor’s
congruence group P(R?) combine to give the following result, which constitutes the
calculation of the scissor’s congruence group P(R3).

THEOREM 4.16 (Dehn-Sydler-Jessen). The following sequence of abelian groups
and group homomorphism is exact.

0 — P(R?) 2> P(R?) —2> R ® (R/7Z) —= QL —0
Moreover, the composition voloE: P(R?) — R is an isomorphism.

REMARK 4.17. Let S = {a; | i € I} C R be a subset. Then the following are
equivalent; for a proof see e.g. [11, Theorem 26.5].
(1) The subset {a; | i € I'} is a transcendence basis of R over Q.
(2) The subset {da; | i € I} is a basis of the real vector space Q.
The cardinality of a subset with these properties is equal to that of the real numbers.
One may also show that the dimension of the subspace im(D) C R ® (R/7Z) is
equal to the cardinality of the real numbers.
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5. Group homology

In this final section, we outline the homological proof of the Dehn-Sydler-Jessen
theorem following Dupont [4] and Dupont-Sah [6].
We recall that P(R™) is defined to be the quotient abelian group

PR") = F(R")/R(R"),

where R(R™) C F(R") is the subgroup generated by the elements listed in (i)—(ii)
of Definition 3.2. We now let R'(R™) C R(R™) C F(R™) be the subgroup generated
by the elements listed in (i) only and define

P'(R™) = F(R™)/R (R™).
We write [P]" = (P) + R'(R™) for the class of the polytope P C R™. Suppose now
that f: R™ — R” is an isometry. Since f(R'(R™)) = R'(R"), there is a well-defined
group automorphism

p(f): P'(R™) — P'(R™)
that takes the class [P]" to the class [f(P)]. If f,g: R” — R™ are two isometries,
then p(f og) = p(f) o p(g). It follows that there is a group homomorphism

p: E(n) — Aut(P'(R"™))

that to the isometry f assigns the group automorphism p(f). We say that the
map p defines a structure of left F(n)-module on P'(R™). In general, if the group
homomorphism p: G — Aut(M) defines a structure of left G-module on the abelian
group M, then the abelian group of coinvariant is defined to be the quotient

Ho(G, M) = M/N

of M by the subgroup N C M generated by the elements x — p(g)(x) with z € M
and g € G. In the case at hand, we have the canonical isomorphism

Hy(E(n), P'(R")) = P(R")

that takes the class of [P]’ to [P]. We recall from Remark 1.3 that the subgroup of
translations T'(n) C E(n) is normal and that the quotient F(n)/T'(n) is canonically
identified with the subgroup O(n) C E(n) of orthogonal transformations. Since
T(n) C E(n) is normal, the structure of left E(n)-module on P’/(R™) induces a
structure of left O(n)-module on the group of coinvariants Ho(T'(n), P'(R™)), and
we have canonical isomorphisms of abelian groups

Ho(O(n), Ho(T'(n), P(R"))) = Ho(E(n), P'(R")) = P(R").

To understand the left F(n)-module P'(R™), we consider the chain complex C, (R")
concentrated in degrees k > —1, where Cj, (R™) is the free abelian group generated
by the set consisting of all (not necessarily proper) k-simplices o = (ag,...,ax) in
R™, and where the differential

d: Cr(R™) — Cr_1(R™)
is the group homomorphism defined by

d(ag, ... a,) = Z(—l)i(ao, A ag).
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In particular, C_; (R") is the free abelian group with the single generator (). The
homology groups of C,(R™) are zero in all degrees. We now define

Fil,_; Cx(R™) € Ci(R™)

to be the subgroup generated by the k-simplices o = (ay, .. ., ax) whose associated
geometric simplex |o| is contained in an affine hyperplane of R™. We remark that
for k < n —1, Fil,_; Cx(R") = Cx(R"). In general, Fil,_; C.(R") C C.(R") is
a sub-chain complex, and we define grné* (R™) to be the quotient chain complex
such that we have the following short exact sequence of chain complexes.

0 — Fil,_; C, (R") —— C,(R") —— gr, (', (R") —= 0

We remark that gr,C,,(R™) is a free abelian group and that a basis is given by
the image by p of the subset of C,,(R™) that consists of all proper n-simplices. If
o = (ag,...,a,) is a proper n-simplex and if a; = (aj1,...,a;n) € R™, then the
matrix (a;; — aoj)i<i,j<n 18 invertible, and we define
6(0’) _ det(aij — aoj)
| det(ai; — ao;)|

and call it the orientation of o. The following figure illustrates the definition.

e{-1,+1}

az ai

ao ai ao az

e(o)=+1 e(o)=-1

The following result was proved by Dupont [4, Theorem 2.3]. For a proof by purely
algebraic means, we refer to Morelli [12, Proposition 1].

ProrosITION 5.1. The group homomorphism
p: Ho(gr,Cx(R")) — P'(R")
that to the class of o assigns e(o)[|o|]" is well-defined and an isomorphism.
The isometry f: R™ — R” induces an automorphism of abelian groups
pi(f): Hi(gr,Co(R")) — H(gr,C(R™))
and by functoriality this defines a group homomorphism
pr: B(n) — Aut(Hy(gr,Cx(R"))).

We define the canonical left E(n)-module structure on Hy(gr,,Cx(R™)) to be the left
E(n)-module structure defined by the group homomorphism pj. The isomorphism
¢ in Proposition 5.1, however, is not an isomorphism of left E(n)-modules. Now,
in general, if p: E(n) — Aut(M) is any left F(n)-module, we define the associated
twisted F(n)-module p': E(n) — Aut(M) by

P (f) (@) = det(f)p(f)(@),

where f =ts() o f with f € O(n). We write M* for the twisted left E(n)-module
associated with the left E(n)-module M.
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ADDENDUM 5.2. There is an isomorphism of left E(n)-modules
¢: Hu(gr,C:(R")" — P'(R")
that to the homology class of o assigns e(a)[|o|]’.

ProOOF. We let f € E(n), let 0 = (ag,...,a,) be a proper n-simplex in R",
and define f(o) = (f(ao),..., f(an)). It is clear that |f(o)] = f(|o|) and it is
immediate from the definition of orientation that e(f(c)) = det(f)e(c). Hence,

p(pn(F)(0)) = e(det(f)(pn(f) () = det(fe(pn(f)(o))
= det(f)e(f(@)[If ()] = e(@)[f (o))
= p(f)(e(o)lol]) = p(f)(¢(a))

which shows that ¢ is a map of left F(n)-modules. Proposition 5.1 shows that it is
an isomorphism. O

We recall from Lemma 4.8 that there is a left action of the multiplicative group
R* of non-zero real numbers on the scissor’s congruence group P(R™). There is also
a left action of R* on the group P’'(R™) defined in an entirely analogous manner. The
action by A € R* is a map of left F(n)-modules py: P'(R™) — P’(R™). Similarly,
the scalar multiplication by A € R* defines map px: R" — R™ which, in turn,
induces a map of left E(n)-modules py: Hy(gr,, C«(R™)) — Hp(gr, Ci(R™)).

ADDENDUM 5.3. The isomorphism

v: Hy(gr,C(R"))" = P'(R")

is an isomorphism of left R*-modules.

For every integer ¢ > 0, we introduce a chain complex of real vector spaces
C.(7(R"), Af(9))
that is concentrated in degrees k > —1. If £ > 0, then we define
Cl(TR"),AH@) = D A§Wo),
UopC--CUg
where the sum ranges over flags Uy C --- C Uy of subspaces of R™ of dimension
at most n — 1, and where A(‘é(V) is the gth exterior product of V' considered as a
rational vector space; and if kK = —1, then we define
C_1(T(R"), A (8)) = AGR").

Ifk>1landif 0 <i<k (resp. if k > 1 and i = 0, resp. if k = 0), then we let

di: (T (R"), A4(@)) — Cua (7 ("), A4(a)
be the R-linear map thatAmaps the summand indexed by Uy C --- C Uy to that
indexed by Up C --- C U; C -+ C Uy by the identity map Ad(Us) — A(Uo)
(vesp. by the map A,(Up) — A& (U1) induced by the inclusion Uy — Us; resp. by the
map A (Uy) — AG(R™) induced by the inclusion Uy — R"). Now the differential
of the chain complex C, (.7 (R™), AZ ¢(9)) is the R-linear map defined by

d= Z D)di: Co( T (R"), Af(9)) — Cr-1(T (R™), Af(9))-
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The reader can easily verify that d o d is the zero homomorphism as required. The
following result is [5, Proposition 3.11].
PROPOSITION 5.4 (Dupont). Let n be a positive integer.

(1) The abelian group Ho(T(n), P'(R™)) has a canonical R-vector space structure
such that for all X € R* and f € O(n), the maps py and p(f) are R-linear.
(2) For every A € R*, Hyo(T'(n), P'(R™)) decomposes as a direct sum

Ho(T (n), P'(R™)) = €D Ho(T(n), P'(R")y ="

of eigenspaces for the dilation map uy, and moreover, the decomposition is
independent of A € R*.
(3) For every 1 < g < n, there a canonical isomorphism of left O(n)-modules
Hyo1-4(CT (R™), Af(9)))" = Ho(T(n), P'(R™))* =

and the tsomorphism is R-linear.

PROOF. The proof uses the method introduced by Grothendieck of considering
the two spectral sequences associated to a double complex; see e.g. [15, Section 5.6].
If V C R™ is a real subspace, then we denote by T (V) the group of translations
of V. For instance, we have T(R"™) = T'(n). We now define a double complex of
abelian groups A. .(R™) concentrated in bidegrees (p, ¢) with p,q > —1. It has

o [T E), Gy itp =1
Ap’q(R )= {@UngCUp Hy (T (Uy), éq(UO)) ifp >0,

where the sum ranges over flags Uy C --- C U, of subspaces of R™ of dimension at
most n — 1, and where the definition of the two differentials

d': Apg(R") — Ap_1,4(R")
d": Apg(R") — Apg-1(R")
is similar to that of the differentials in C, (.7 (R"), Ag(g)) and C.(R™), respectively,

except that in the case of d”, we multiply by the factor (—1)P. Associated with this
double complex, we have two spectral sequences

ng,t = Hy(Hi(As «(R™),d'),d") = Hgyt(Tot(As(R™)))
HME2, = Hy(Hy (A, «(R™),d"),d') = Hepi(Tot (A, . (R™)))

both of which converge to the homology of the associated total complex. In the
first spectral sequence, we have

g {Ht(HO(T(n),grnC’*(R”))) ifs = -1
’ 0 if s > 0,
so the spectral sequence collapses and shows that the edge homomorphism
Hy(Ho(T (n), g1, C<(R"))) — He—1(Tot(A, (R™)))
is an isomorphism. We also remark that the canonical map
Ho(T(n), Hi(gr,,C+(R"))) — Hy(Ho(T'(n),gr,C.(R")))

is also an isomorphism for ¢ < n and that both groups are zero for ¢ < n. Indeed,
the complex gr, C.(R™) is concentrated in degrees k > n. Therefore, the homology
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group Hy(Tot(A., .(R™))) of the total complex is zero for k& < n—1 and is canonically
isomorphic to Ho(T(n), P'(R™)) for k = n — 1. The isomorphism is compatible
with the left actions by the groups O(n) and R*.

In the second spectral sequence E”, = IE" , we have

1 C.(7(R"),Al(g)) ift>0
*b 0 ift <0.

and hence,

g2 _ [HAC(T (R M5(q)) it >0
* 0 ift <0.

Indeed, the complex C, (V) is a free resolution of the trivial 7'(V)-module Z. Hence,
the homology group H,(Ho(T(V),C.(V))) is equal to the gth group homology
group of V with coefficients in Z if ¢ > 0 and is zero if ¢ < 0. But for every torsion
free abelian group V, the ¢th group homology group of V with coefficients in Z
is canonically isomorphic to AZ(V); see e.g. [2, Theorem 6.4]. Now, for all r > 1,
the groups EY , are real vector spaces. Indeed, this is true for r = 1, and since the
differentials d": E¢, — E{_,.,.,_; are R-linear, the same holds for all > 1. Now,
the map uy: R™ — R™ given by scalar multiplication by A € R* induces a map of
spectral sequences uy: Ef, — B¢, which is equal to multiplication by At It follows
that d" is zero for all r > 2. Indeed, if z € E;, then

X () = (@ (1)) = & (r(2)) = d (M) = X ()
which shows that d"(xz) = 0. Finally, the spectral sequence gives a filtration
0=F_H, CF_1H, C---CF,H,, = H, = H,(Tot(4, .(R")))
and a canonical identification gr Hy; = EZS = EZ ;, and both are compatible with
the actions by the groups O(n) and R*. Now, for 1 < ¢ < n, we find
(Hno1)" ™ = (Foo1—gHp1 )= = (B2

A=A _ 2
n—l—q,q) =L

n—1-q,q

as left O(n)-modules. This completes the proof. O

There is a map of chain complexes
¢: Cu( T (R™), A% (9)) — Cu(7 (R™), AL(g))

compatible with the left actions of the groups O(n) and R*. Here the definition
of the complex on the right-hand side is analogous to that of the complex on the
left-hand side except that A(‘é(V) is replaced by Af(V), and the chain map ¢ is
induced by the canonical projection Ag(V) — Ag(V). If V' is a finite dimensional
real vector space with basis {eq,...,ex}, then AL(V) is a finite dimensional real
vector space with basis {e;; A---Ae;, |1 <ip < -+ <iy < k}. By contrast, then
the real vector space Aé(V) is uncountably infinite dimensional for all ¢ > 2, unless
V' is the zero space. So the target of the chain map ¢ is a much more manageable
complex that is the domain. The injectivity part of the following result was proved
by Jessen and Thorup [9, Theorem 2] and by Sah [13], and the surjectively part
was proved by Dupont [4, Theorem 3.12] with the vanishing of the target homology
group for p+ g < n — 1 based on earlier work of Lusztig [10, §1]. We also refer the
reader to [12, Theorem 2].
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THEOREM 5.5. Let n and q be positive integers. The map of homology groups

¢«: Hy(C.(7(R™),AL(9))) — Hp(Cu(T (R"), Af(0)))
induced by the chain map ¢ is an isomorphism, if p+ q¢ < n — 1, and the common
group is zero, if p+q < n — 1.
Now, for every 1 < g < n, we define the real vector space
DI(R") = Hy-1-4(Ce(7 (R™), A (0)))-
It is a left O(n)-module, by functoriality, and the action by f € O(n) is an R-linear
map. By Proposition 5.4 and Theorem 5.5, we have a canonical isomorphism

D Ho(O(n), DYR™") = P(R")

of abelian groups. We now show that roughly half of the summands vanish.

LEMMA 5.6. If n+ q is odd, then Ho(O(n), DI(R™)!) is zero.

PROOF. The canonical inclusion of the subgroup {£id} into O(n) induces a
map of homology groups

Ho({£id}, DI(R™)!) — Hy(O(n), DI(R")!)
which clearly is surjective. Now, the map
p(—id): DI(R™) — DI(R")
is equal to multiplication by (—1)?, and hence, the map
det(—id)p(—id): DI(R™) — DI(R")
is equal to multiplication by (—1)"*4. Therefore, we have
Ho({+id}, DIR™)") = DI(R™)/(1 - (~1)"+1) DI(R").

If n+ g is odd, then the right-hand side is equal to D?(R™)/2D4(R™), which is zero
as DZ(R™) is a real vector space. O

We discuss one more general theorem, valid for all positive integers n. If V is a
real vector space of dimension n and if 1 < ¢ < n is an integer, then we define the
chain complex of real vector spaces Cy(7(V), AL(g) in a manner entirely similar
to the case V =R".

LEMMA 5.7. Let V' be a real vector space of dimension n and let 1 < g < n be

an integer. The homology group H,(Cy(Z (V'), Ak(g)) is zero unless p+q=n— 1.

PRrROOF. For p+ g < n — 1, the homology group vanishes by Theorem 5.5. Let
CH(7(V),Ak(9)) — Cu(T(V), A (a))
be the chain map that, in degree k > 0, is given by the canonical inclusion
P A - P AL
UogC--CUy UgC---CUy

of the summands indexed by all strict flags Uy C --- C Uy of subspaces of V' of
dimension at most n — 1, and that, in degree k = —1, is given by the identity map.
It induces an isomorphism of all homology groups; see e.g. [15, Theorem 8.3.8].
Since the groups CN'IZ,V(Q(V), Af(g)) vanish for p+ ¢ > n — 1, the same obviously is
true for the homology groups. ([
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If V is a real vector space and 1 < ¢ < n = dimg (V) an integer, we write
DUV) = Hy14(Cu(F(V), AL(a)))
for the unique non-zero homology group of the indicated chain complex.

THEOREM 5.8. For all positive integers n and all integers 1 < q < n, there is
a canonical exact sequence of left O(n)-modules

0 —=DIR") — @ D' (Un-1) —= @ DI(Un—2) — -
Up—1 Up_2
e ) Do) — DAL —= AR — 0
Uq+1 Uq

where the sum @;, D!(Uq) ranges over all subspace Uy C R™ of dimension d. The
left action of f € O(n) on this sum takes the summand indexed by Uy C R™ to
the summand indexed by f(Ug) C R™ by the map D1(Uy) — D(f(Uyg)) induced by
f:Us— f(Uy).

PROOF. We define a filtration

0=F, 20N (q) € Fypm1C¥ (@) € -+ € FumaCl(g) € Foma O (g) = CF (a)
of the normalized chain complex CY(¢) = CN (7 (R™), A% (R™)) from the proof of
Lemma 5.7. If ¢ < s < n, then for k > 0, we define

FCN) = @ AL C CY(a);

UG- CUs

dim(Uj)<s
and for k = —1, we define F;,CY,(¢) = AL(R"). Finally, we define F,_;CN(q) to
be AL (R™) considered as a complex concentrated in degree k = —1. The filtration

gives rise to a spectral sequence
Esl,t = Hqy(grg Q{V(Q)) = Hs+t(éiv(Q))-

By definition, we have for ¢ < s < n a canonical identification

er, CF (a) = D CLLL (7 (Us), Aj()),

where the sum ranges over subspaces Us; C R™ whose dimension is equal to s.
Therefore, by Lemma 5.7, we find that for ¢ < s < n,

B 4= @ D1(Us)
Us

and that E}, = 0 for all other values of ¢. Similarly, we find immediately from
the definition that E;flﬁq = Aj(R™) and that E;q,t = 0 for all other values of
t. Hence, for degree reasons, we have EZ = Ef,t, and the common group can be
non-zero only if g—1 < s < n and t = —¢q. Now, the spectral sequence converges to
H,..+(C"(q)) which, by Lemma 5.7, is non-zero only if s +¢ = n— 1 — q. Therefore,
we conclude that E;_; = D?(R") is the only non-zero group in the E*-term.
This completes the proof. (I

The following result gives a simplified expression for the group homology of the
group O(n) with coefficients in the twisted left O(n)-modules associated with the
terms in the sequence in Theorem 5.8.
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LEMMA 5.9. Let n be a positive integer and let 1 < q < n and ¢ < s < n be
integers. There is a canonical isomorphism of graded abelian groups

H.(O(s), D‘(R*)") ® H.(O(n — 5), Z') = H.(O(n), (D D*(U,))").
Us

Moreover, the common groups vanish unless n — s is even.

PROOF. There is a canonical isomorphism of O(n)-modules
Z[0(n)] ®zj0(s)20(n-s) D' (R®) ® Z' = (P D(U,))".
Us
Therefore, by Shapiro’s lemma, we have a canonical isomorphism

H,(O(s) x O(n — 5), D)(R*)" ® Z') = H.(O(n), (@D D*(U,)").
Us

Finally, the Eilenberg-Zilber theorem gives a canonical isomorphism
H.(0(s), DY(R*)") @ H.(O(n — s),Z") = H.(O(s) x O(n — s), D1(R*)" @ Z"),

since the homology groups H.(O(s), D4(R*)*) are torsion-free abelian groups. This
proves the first statement. To prove the second statement, one uses that multipli-
cation by the the central element v € O(s) x O(n — s) defined by

X1y ooy Ty Tsidy e e s @) = (T, - ey Tgy —Lsq1ye ey —Tn)
induces an automorphism of the homology group in question which is both equal
to the identity map and to multiplication by (—1)"7%. O

Finally, we specialize to the case n = 3. We have the canonical isomorphism
Ho(O(3), D'(R?)") @ Ho(O(3), D*(R?)") = P(R?).
The second summand is easily identified as follows. There is an isomorphism of left
O(3)-modules vol: A3 (R3) — R? defined by vol(a; A az A a3z) = det(a;;). It induces
the isomorphism of left O(3)-modules vol: A3 (R3)" — R, and hence,
Ho(0(3), DY(RY)") = Hp(O(3), AL (R?)") —Z> Ho(O(3). R) = R.

To identify the first summand is (a lot) more difficult. We use the general theory
to prove the following theorem of Dupont [4, Corollary 1.2].

THEOREM 5.10 (Dupont). There is a canonical exact sequence
0 — Ho(SO(3),R?) — Ho(O(3), D' (R*)") - R® (R/277Z) — H1(SO(3),R?) — 0.
where R? is the standard left SO(3)-module.

PROOF. In general, for G a group and C, an exact sequence of left G-modules,
there is a spectral sequence with E;t = H(G, Cs) that converges to zero. In the
case where C, has three (non-zero) terms, the spectral sequence gives rise to the
familiar long exact homology sequence. We apply the spectral sequence in the case
of the following Lusztig exact sequence of left O(3)-modules

(R <— (@ U1)' =— (B D' (1)) <— D'(R?)’

from Theorem 5.8 which has four (non-zero) terms. We wish to understand the
group E3 o = Ho(O(3), (D' (R*)")). First, by Lemma 5.9, we have

B}, = H.(0(3),(@®U1)") = H.(0(1), (RY)") ® H.(0(2),Z").
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Here R! is the standard left O(1)-module, so (R!)? is the trivial O(1)-module R.
Since O(1) is finite and R divisible, we have H,(O(1),(R!)!) = R concentrated
in degree zero. In particular, it will suffice to evaluate the groups H.(O(2),7Z")
modulo the Serre subcategory of torsion abelian groups. To this end, we consider
the Hochschild-Serre spectral sequence

Ep = Hy({£1}, Hy(SO(2), Z')) = Hy44(0(2), Z").

Since the group SO(2) is abelian and since Z' is trivial as a left SO(2)-module,
there is a canonical map of {£1}-modules

f:AZ(SO(2))" — H,y(SO(2),Z")

which is an isomorphism modulo the Serre category of torsion abelian groups. The
generator —1 of {£1} acts on the domain of f by the opposite of the map induced
by inversion in SO(2), and this map is equal to multiplication by (—1)4T. We now
compose the map of coinvariants induced by f with the edge homomorphism of the
spectral sequence to obtain the canonical map

Hy ({1}, AZ(SO(2))") — Hq(0(2), Z")

which is an isomorphism modulo the Serre subcategory of torsion abelian groups
since {£1} is finite. Moreover, from the above description of the left {41}-module
structure of AZ(SO(2))" we find that

A%(S0(2))/2A%(SO(2))  if q is even

Ho({£1},A7(S0(2))") = {Aq (50(2)) if ¢ is odd
g .

Finally, we have the group isomorphism ¢: R/27Z — SO(2) defined by

cosf —sin 9>

90 +27Z) = (sin@ cosf

We conclude that the groups El1 ¢ In the hyperhomology spectral sequence are given,
up to canonical isomorphism, by

1 )0 if ¢ is even
LT R @ AL(R/27Z) if g is odd.

Similarly, by Lemma 5.9, we have
B, . = H.(0(3),(@D'(U2))") =0.

It remains to identify the groups E&q. The group O(3) is equal to the product
group SO(3) x {£id}. Moreover, as a left SO(3)-module (R?)! = R3, and as a left
{4 id}-module, (R3)? is the trivial module R3. Therefore, by the Eilenberg-Zilber
theorem, we have a canonical isomorphism

H,(S0(3),R*) @ H,({£id},Z) = H,(O(3), (R*)!),

since the first tensor factor is torsion free as an abelian group. Modulo the Serre
subcategory of torsion abelian groups, the second tensor factor is isomorphic to Z
concentrated in degree zero. Therefore, we conclude that the map

H,y(SO(3),R?) — Hy(O(3), (R?)")
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induced by the canonical inclusion SO(3) — O(3) is an isomorphism for all g. This
identifies Ej , with Hy(SO(3),R?). The E'-term of the hyperhomology spectral
sequence now has been identified, up to canonical isomorphism, as follows.

H3(SO(3),R3) 0 0 H3(O(3), D*(R?)")
Hi(SOB3),R}) R (R/27Z) 0 H1(0(3), DY(R?)t)
Ho(SO(3),R3) 0 0 Ho(O(3), D' (R?)")

Since the hyperhomology spectral sequence converges to zero, we find that there is
an exact sequence as stated. (I

REMARK 5.11. Let us define the map D’: P(R3) — R®(R/27Z) to be the com-
position of the canonical projection P(R3) — Hy(O(3), D*(R?)?) onto the weight 1
eigenspace of the dilation maps followed by the middle map in the exact sequence
of Theorem 5.10. Then the composition of the map D’ with the canonical projec-
tion R ® (R/27Z) — R ® (R/7Z) is equal to the Dehn invariant. It is possible
to define the refinement D’ of the Dehn invariant geometrically as follows. We
define the triangulation {o1,...,0,,} of the polytope P C R3 to be oriented if
€(o;) = 41 for all 1 < i < m. Given an oriented simplex o and an edge e C o,
we can define a dihedral angle 0'(o, e) € R/27Z, since a normal plane to the edge
e has an induced orientation. The definition of D’(0) and D'(P) now proceeds as
before. This refinement of course is inconsequential since the canonical projection
R® (R/27Z) — R ® (R/7Z) is an isomorphism.

In conclusion we state without proof the following theorem of Dupont and Sah
which completes the homological proof of the theorem of Dehn-Sydler-Jessen.
THEOREM 5.12 (Dupont-Sah [6]). The following (1)—(2) hold:

(1) There is a canonical isomorphism Qk — Hy(SO(3),R3).
(2) The group H2(SO(3),R3) is zero.



38

[1]
2]

3]
[4]

[5]

LARS HESSELHOLT

References

A. Borel and J. P. Serre, Le théoréme de Riemann-Roch, Bull. Soc. Math. France 86 (1958),
97-136.

K. S. Brown, Cohomology of groups, Graduate Texts in Mathematics, vol. 87, Springer-Verlag,
New York, 1982.

M. Dehn, Uber den Rauminhalt, Math. Ann. 105 (1901), 465-478.

J. L. Dupont, Algebra of polytopes and homology of flag complexes, Osaka Math. J. 19 (1982),
599-641.

, Scissors congruences, group homology and characteristic classes, Nankai Tracts in
Mathematics, vol. 1, World Scientific Publishing Co., Inc., River Edge, NJ, 2001.

J. L. Dupont and C.-H. Sah, Homology of Euclidean groups made discrete and Euclidean
scissors congruences, Acta Math. 164 (1990), 1-27.

B. Jessen, A remark on the volume of polyhedra, Mat. Tidsskr. B (1941), 59-65, (Danish).

, The algebra of polyhedra and the Dehn-Sydler theorem, Math. Scand. 22 (1968),
241-256.

B. Jessen and A. Thorup, The algebra of polytopes in affine spaces, Math. Scand. 43 (1978),
211-240.

G. Lusztig, The discrete series of GLy over a finite field, Annals of Mathematics Studies,
vol. 81, Princeton University Press, Princeton, N.J., 1974.

H. Matsumura, Commutative ring theory, Cambridge studies in advanced mathematics, vol. 8,
Cambridge University Press, 1986.

R. Morelli, Translation scissors congruence, Adv. Math. 100 (1993), 1-27.

C.-H. Sah, Hilbert’s third problem: scissors congruence, Research Notes in Mathematics,
vol. 33, Pitman (Advanced Publishing Program), Boston, MA, 1979.

J.-P. Sydler, Conditions nécessaires et suffisantes pour l’équivalence des polyédres de l’espace
euclidien a trois dimensions, Comment. Math. Helv. 40 (1965), 43-80.

C. A. Weibel, An introduction to homological algebra, Cambridge Studies in Advanced Math-
ematics, vol. 38, Cambridge University Press, Cambridge, 1994.

G. Ziegler, Lectures on polytopes, Graduate Texts in Mathematics, vol. 152, Springer-Verlag,
New York, 1995.

V. B. Zylev, Equicomposability of equicomplementable polyhedra, Sov. Math. Doklady 161
(1965), 453-455.




