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Abstract

The problem of k-coloring a graph is equivalent to deciding whether a
particular cohomology class of a certain rational space vanishes. Although this
problem is NP-hard we are able to construct a fast (polynomial) algorithm to
give a representative of this class. We also associate to other classical decision
problems rational spaces so that the given problem has a solution if and only if
the associated space is not elliptic. As these spaces have null Euler homotopy
characteristic we easily characterize when the given problem has a solution in
terms of commutative algebra.

1 Introduction

In [14] the authors associate to a given graph G and any integer k > 2 a rational
space Sg and prove that the graph can be k-colored if and only if the singular
cohomology of S¢; with rational coefficients is infinite dimensional. On the other
hand, in [15], the second author gives an explicit formula for a cohomology class of
the formal dimension of certain spaces (the so called finite pure spaces) in such a
way that the non vanishing of this class is equivalent to the finiteness of the rational
cohomology of the space. As the spaces S are pure, the problem of k-coloring a
graph is equivalent to determining when a particular cohomology class vanishes (let
us call it the fundamental class).
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At this point one could search for new algorithms to determine when a given
graph is k-colorable by finding procedures which let us know if the fundamental class
is null. Then we are facing two complexity problems: one is to compute the cycle
representing this class, and the other is to check whether this cycle is a boundary.
All of this having in mind, of course, the well known fact that the problem of
determining the k-coloring of a graph belongs to the class of NP-complete problems
which are believed to require more than polynomial time (with respect to the data)
to be solved. Also it is important to note that the formula given in [15] requires an
exponential amount of time to be computed.

In this paper we start by describing a slightly different method than the one used
in [15] to obtain a representative of the fundamental class (proposition 2). Also, we
give a process which lets us compute the fundamental class of any elliptic space,
i.e., a space with finite dimensional rational homotopy and cohomology (proposition
6). Part of this is folklore on rational homotopy theory and we include it here for
clarity.

Our first objective is then to modify the space Sg  associated to the graph in such
a way that: 1) it is still true that the new space is not elliptic if and only if the graph
can be k-colored, and 2) we can produce, using the new method, a representative of
the fundamental class of this space in polynomial time (see theorems 8 and 9).

As an immediate consequence we deduce that the problem of deciding whether
a given cycle of a space (or a model) represents the zero class is NP-hard.

After this, we shall define a new space associated to the 3-coloring of a graph so
that it has null homotopy Euler characteristic (note that this was not at all the case
of the space associated to a graph in [14] or in the mentioned modification above).
From this, we characterize the 3-coloring problem in terms of commutative algebra.
(see theorem 11 and corollaries 12, 13 and 14)

To finish we mimic this situation in the context of two other classical decision
problems:

1. The “satisfiability problem”, i.e., given a propositional formula (a set of
clauses), does there exist an assignment of logical values to the variables of the
clauses such that the formula is satisfied, i.e., every clause is satisfied? Recall that
this was the first problem that was proved to be NP—complete [5].

2. The “subset sum problem” which, having as data a set B C N and a positive
integer ng, consists in deciding whether there exists a subset of B whose elements
sum up to ng. This is also an NP-complete problem [§].

We will be able to associate to any of these problems a new rational space in
such a way that the given problem has a solution if and only if the associated space
has infinite dimensional rational cohomology (see theorems 16 and 19). A very
important property of these spaces is that again, they are “pure” and have null
homotopy Euler characteristic. This particular behavior of these spaces will let us,
using standard techniques from the theory of minimal models, characterize when a
given problem has a solution in terms of pure commutative algebra (see corollaries
17, and 20).

These characterizations can be seen themselves as algorithms for these problems
and all the machinery of Grobner basis (see [3], [4] or [13]) may then be applied to
improve the performance of these algorithms.

Our results rely heavily on the understanding of basic facts and tools from ra-
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tional homotopy theory, and in particular, Sullivan minimal models. Standard and
good references are [6],[11] and [18]. With respect to complexity of algorithms the
non familiar reader may consult [1] or [19] for basic facts. All spaces and models will
be 1-connected of finite type. The ground field K will be, unless explicitly stated
otherwise, of characteristic zero. All graphs considered are non oriented, finite,
connected and simple.

2 The fundamental class of sp aces

As a very quick synopsis about minimal models we remark that to any space S
corresponds a KS-complex, i.e., a commutative differential graded algebra (AV,d)
which algebraically models the rational homotopy type of the space and is called the
minimal model of S. By AV we mean the free commutative algebra generated by
the graded vector space V', i.e., AV = TV/I where TV denotes the tensor algebra
over V and [ is the ideal generated by v ® w — (=1)Ilw @ v, v,w € V. The
differential d of any element of V' is a “polynomial” in AV with no linear term.

Recall that a KS-complex (AV,d) is pure if dV*" = 0 and dV°d C AVeven,
Such a KS-complex admits a bigradation AV = 37, .~,(A;V)", where (A;V)" =
(AVer @ AIVodn for which d has bidegree (1, —1). Hence the cohomology algebra
is also bigraded H*(AV,d) = 32, ;>0 H} (AV,d). Recall also that if (AV,d) is ellip-
tic, then the homotopy Euler characteristic x» = >,(—1)?dim V7 is non-positive.
Moreover if k = —y, then Hg(AV,d) # 0 and H~,(AV,d) = 0.

Assume dimV < oo, call X = Vever Y = V°dd choose homogeneous basis
{z1,...,x}, {y1, ..., ym} of X and Y respectively, and write

1 2 n—1 n )
dyj:ajxl—i—asz—i-“--i-aj xn—l‘i‘ajxna 3217“‘7m7

where each aé» is a polynomial in the variables x;, ;11,...,2,. For any 1 < j; <
... < Jn < m, denote by P}, ;. the determinant of the matrix of order n:

1 n
ajl DY ajl
1 n
ajn DY ajn

Then (see [15]) the element P € AV

1<ji<.<gn<m
is a cycle representing a basis of the image of the evaluation map
evava) : Extay (K, AV) — H*(AV,d).

This is a K-linear map which associates to a class [f] represented by f: P — (AV,d)
(P a (AV,d)-semifree resolution of K) the class [f(1)] . Ext(K, AV) turns out to
have dimension 1 [7] and its image lies in the formal dimension N of the cohomology
of (AV,d) which is given by the classical formula

N = (1T=]zl) + > lyl-
i=1 j=1
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Moreover, in [16] is proven that this class, i.e., the image of this map, is non zero
if and only if dim H*(AV,d) < co. In this case, the mentioned class is precisely the
fundamental class of the cohomology algebra which is a Poincaré duality algebra.
Hence, even if (AV,d) is not elliptic, we shall still call it the fundamental (or top)
class.

We shall now give another procedure to describe this class.

First note (here we just require d V" = dX = 0 and no assumption about the
derivative of the odd part) that the projection p: (AV ® AX,d) = (AY,d), with
X = sX the suspension of X and dZ = z, is a quasi-isomorphism. Since I y; is
a cycle representing the fundamental class of (AY,d), the top class of (AV ® AX,d)
is represented by an element y = II7",y; + Q with Q € AT(X ® X) ® AY. Write
O = ¢(I1",7;) + ¢ with ¢ € AV and ¢ € AV ® A<"X. Then we have

Lemma 1. ¢ is a cycle representing the fundamental class of AV .

Proof: The result follows by an obvious induction on n = dimX considering the
following fact: let A®@Ay be an extension of A and y of odd degree. If dimH*(A) < oo
and [ay + ] (a, B € A) is the fundamental class of the extension then [a] is the
fundamental class of A. [

Now, if (AV,d) is an elliptic pure model, choose elements ®; € AX ® AX for
which d®; = dy;, 7 =1,...,m.

Proposition 2. The element

w = coefficient of [[ T in the development of ] (y; — ®;)

i=1 j=1
represents the fundamental class of (AV,d).

Proof: Apply the lemma above noting that [T}, (y; — ®;) is a cycle which is sent to
7% y; by p. u

Even if (AV,d) has not finite dimensional cohomology, the class [w] of the pre-
ceding proposition lives in H(AV,d) being N the formal dimension. Moreover, in
Lemma 1.1 of [15] it is stated that [w] is a basis of the image of the evaluation map
described above. Therefore, applying theorem 3.2 of [16] we get

Corollary 3. Let (AV,d) be a pure model with V' finite dimensional and let w be as
in Proposition 2. Then [w] # 0 if and only if (AV,d) is elliptic.

Remark. Suppose now that our ground field is of any characteristic. In [17] it
is proven that, over any field, if dimV < oo then the model (AV,d) is Gorenstein
and moreover, (AV,d) is elliptic if and only if ev(yy,q) # 0. But again one can easily
observe that proposition 2 is true for any field. Hence, we conclude that with any
coefficients (AV/ d) is elliptic if and only if [w] # 0, i.e., corollary 3 is true over any
field.

Using the remark above together with corollary 3 we find a topological criteria
which lets us know when a given system of homogeneous equations has non trivial
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solutions: let f; = fi(z1,...,2,) € Klz1,...,2,), 7 = 1,...,m, be homogeneous
polynomials (K any field) and let (AV,d) be the pure model defined as follows:

Veven:<x17---7xn>7 izla---ana |xi|:27 d:L'Z‘ZO,

Vol =y, yym)y G=1omy gl =201 -1, dy; = £
Proposition 4. (AV,d) is not elliptic if and only if the system
{fi(x1,...,2,) =0, 1<j<m}
has non trivial solutions in a finite algebraic extension of the ground field K.

Proof: 1If H*(AV,d) is finite dimensional then the class [z;] is nilpotent for any i.
That is to say, there are integers n; and elements Oz; € (AV,d) such that z}" =
S ahf;, 1 <4 < n. Hence if 27,..., 2] is a solution of the system, the above
equality clearly implies that 2§ = -+ = 2% = 0.

Conversely if the system has just the trivial solution over any algebraic extension
of K then the variety € defined by {f;(x1,...,2,), 7 =1,...,m} is a point. By the
Hilbert Nullstellensatz x; € Rad I, with I the ideal of K[z, ...,z,] generated by
{f:} and K the algebraic closure of K. Hence, the cohomology class [z;] is nilpotent
for any 7, and therefore by [10], H*(AV, d) (with coefficients in K, and therefore over
K too!) is finite dimensional. ]

In the same setting, if w is the representative given in proposition 2 of (AV,d),
the model associated to the given system, we get:

Corollary 5. [w] = 0 if and only if the system has non trivial solutions in a finite
algebraic extension of K.

Examples. (1) Over Zjs the system

2 —3y? =0
zt =9yt =0

has only the trivial solution. Otherwise y # 0 and (x/y)? = 3 which is a contradic-

tion since there is no square root of 3 in Zs. On the other hand, proceeding as in

proposition 2 and choosing ®; = 27 — 3yy, ®; = 237 — 993y, the fundamental class

of the model associated to gl[i? system is 0. Indeed the system has a non trivial
5 U

solution over the extension 3.

(2) Consider the system

62° +y* =0
Y2+ 4x? + 22y =0

and choose ®; = 62°T + y*y, P2 = yy+ (4z + 2y)T to obtain w = 6x%y — dwy? — 2y3.
To see whether this cycle is a boundary we solve:

A62° +y%) + (Biz + Poy) (42® + 22y + y°) = 627y — day® — 2y°
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and we get
6A+406, =0
)\—l-ﬁz = -2
261+ 43, =6
B+ 206, = —4

The last two equations imply that 14 = 0, and the system only have non trivial
solutions in fields of characteristic different from 2 and 7. For instance, x = 1,y = 0;
x =1y # 0 and x = 2,y = 2 are solutions in Z, and Z;.

Next we shall describe a process for the computation of the fundamental class
of any elliptic space. Let (AV,d) be an elliptic minimal model and (AV,d,) its
associated pure model [10], i.e., dv = d,v + p, p € ATV°dd @ AVeven Observe that
wp, obtaining as in proposition 2 and representing the fundamental class of (AV, d,),
lives in (AVever @ A=V o4V i which: m = dim V°4, n = dim V™ and N is the
formal dimension.

Write M} = (AV®" @ AV4)! p = m — n, and observe that

dwy=af +af+---+ o, of e M k< N/3—p.
Since d*wqy = 0 it follows that d,a = 0 (indeed this is the only summand of d?wy in
M, ). Hence of is a d,-boundary: d,31 = of, B € M)\, Consider wy = wo — (1
and note that

dwy =ay+as+---+op, of € MY k< N/3—p.

Again, for the same reason, d,o3 = 0, so there exists 3, € M\, such that d,(; = aj.
Hence we define inductively elements w;, 3; € (AV)Y satisfying w; = w;_; — 3; and
dw; € Zf:2j+1 Mé\f{l. Hence, for the first j, such that 23, +1 > k this process stops
and wj, is a d-cycle which we denote by w. Then we have:

Proposition 6. w represents the fundamental class of (AV,d).

Proof: Recall [10] that the odd spectral sequence is obtained from a filtration of
(AV,d) by FP9 = Y. >0 Mijrq. This defines a spectral sequence of algebras of
the first and second quadrant whose (Ep, dp)-term is precisely (AV,d,) and which
converges to H*(AV,d). Since (AV,d) is elliptic then each of the terms of the
odd spectral sequence is a Poincaré duality algebra (see [10]) with the same formal
dimension. Hence, wy representing the fundamental class of (Ey, dp) survives until
E. Finally it is a straightforward calculation to show that the element w; represents
the fundamental class of Ey; and therefore the theorem follows. ]

Example. Let (AV,d) be the model defined by: V" =< 1y, 29, 23 >, VoI =<
Y1, Y2, Y3, Y4, Ys >, |x1| =2, dr; = 0, |y1| = |y2| =3, |y3| = |y4| =5, |y5| = 15,
dy; = 27, 1 <10 <3, dys = 210973, dys = =27 T2 T5Y1Y2 + T1T3T3Y1Ys — T3 T3Y2 Vs

The associated pure model satisfies the same equations except that dys = 0. The
fundamental class of this space is represented by

2 9 2
Wo = X1 ToY3Ys — L1 T2T3Y4Y5
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and dwy = T3 T3 23y1 Y2y — T3 XIXEY1 Y2 ys + T3 TG T3Y1Y3Ys — TS X5 T3 Y2 Y3 Ys. As
explained in the procedure above we calculate 8 = —23 23 23y1 Y2 y3y4. Since wy =
wo — 1 is already a cocycle the process stops and

2 92 2 3 2
W1 = T]ToY3Ys — T1T2X3Y4Ys5 + T7TH5T3Y1Y2Y3Ya

represents the fundamental class of (AV,d).

3 The graph coloring problem

Let G be a graph with vertices V(G) = {v1,...,v,} and edges E(G) = {(v;, vs) }r,)-
In [14] we associate to G and any integer £ > 2 the rational space S¢  whose Sullivan
model (which is minimal if & > 3) (AVg, d) is defined as follows:

Vg"',fn:@l,...,xn}, i=1,...,n, |x]=2, dx;=0,
k

VGO,(}cd = <y(r,s)>7 (Ta S) € J7 |y(r,s)| =2k — 37 dy(r,s) = fo_lxi_1~
=1

Then we prove (see [14]) that G is k-colorable if and only if Sg j is not elliptic. As
the space Vi is finite dimensional we may apply corollary 3 to obtain:

Corollary 7. G is k-colorable if and only if [w] = 0 (with w, as in proposition 2,
representing the fundamental class of H*(AV,d)).

Example. This easy example shows how this method works: Let V(G) = {v1, ...,
Unt, E(G) = {(v1,v2), (v2,v3), ..., (Un_1,Vn), (Un,v1)} be the vertices and edges of
the cycle G. The space Sgpo has the model (AVgy,d) with VES" = (21,...,2,),
VY = (1, yn) il = 2, lysl = 1,1 <i <n, dyi = 24w, 0 < n, dy, = n+21.

Following any of the procedures given in the former section we obtain that a
representative of the fundamental class is w = 1 + (—1)""!, and therefore G is
2-colorable if and only if n is even.

Now it is a good moment to very briefly recall some basic terminology in com-
plexity: A decision problem may be seen as a function f: II — {0,1} in which
IT = {I,}aer is a family of finite subsets of non negative integers with each I, rep-
resenting the codification of an instance of the problem. The language of a decision
problem is the set of instances I for which the answer is yes, i.e., f(I) = 1. A
decision problem f: I — {0,1} (or simply II for convenience) belongs to the class
P (polynomial) if there is an algorithm A and a polynomial p such that for each
instance I € II of length n, A produces f(I) in a number of steps bounded by p(n).
A problem II belongs to the class NP (nondeterministic polynomial) if there is an
algorithm A and a polynomial p such that: given an instance I € II of length n
and a certificate (a possible solution of the problem for the instance I) C' € N, the
algorithm A determines whether C' is in fact a solution for I in a number of steps
bounded above by p(n). That is to say, P corresponds to the class of problems which
are ‘easy’ to solve while NP is the class of problems for which it is ‘easy’ to validate
a given solution. PCNP and it is widely accepted in complexity the conjecture that
this inclusion is strict.
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A map between problems 7': IT — II" is a Turing or polynomial reduction if: (i)
T'(I) belongs to the language of I1" if and only if I is an instance of the language of IT;
(ii) there exists a polynomial p such that for each I € II the length of T'(1) is bounded
by p evaluated in the length of I. If two problems can be Turing reduced one into
the other we say that these two problems are Turing or polynomially equivalent.

A problem IT eNP is NP-complete if any other problem in NP can be polynomi-
ally reduced to II. Hence, an algorithm that solves an NP-complete problem would
also solve any other problem in NP in the same range of time. If any problem in NP
may be polynomially reduced to a problem II, then II is said to be NP-hard. Note
that NP-hard problems do not necessarily lie in NP but, obviously, any NP-complete
problem is NP-hard. Again it is not known whether this inclusion is strict.

The problem of k-coloring graphs is known to be NP-complete (see for exam-
ple [8]) with respect to the usual codifications of a graph, all of them of length
polynomially bounded by n the number of vertices.

Returning to our study, if we see the above corollary as an algorithm to decide
whether a given graph can be k-colored, we are facing two complexity problems: one
is to calculate w itself and the other is to determine whether this cycle is a boundary
or not. It is convenient then to give a codification of a given model in order to study
the complexity of these problems [14]: Denote by I'; the class of minimal models
(AV,d) for which dV C A<FV (It contains in particular (AVg x, d) for any graph G).
Any space (AV,d) € Iy, is encoded as follows: choose {vi,...,v,,} a homogeneous
basis of V' and write dv; = Y, A, i) Viy = Uiy, With 1.<dyp <-v o <i <m. The
of the coefficients of the differential. It is important to note that the number of
these coefficients is at most m Z’;;é %ﬁ%, clearly bounded by a polynomial in m.
In particular the codification of (AVgk,d), the model associated to G, has a length
bounded polynomially by n = dim V" =number of vertices of G.

For the first of the problems cited above, if we look at the formula given in [15]
(see also the previous section) observe that the “time” needed to compute w is of
exponential order with respect to dim V*¥*" and thus with respect to the length of the
codification of the data. However, we shall show how to modify the space associated
to the graph to be able, using the procedure given by proposition 2, to compute w
in polynomial time with respect to the model, and therefore to the codification of
the graph.

As before, let G be a graph with vertices V(G) = {vy,...,v,} and edges E(G) =
{(vi,vj)}ijyer, and let T be a spanning tree, i.e., a tree that contains all the vertices.
We point out that for our purposes it will be crucial the fact that finding a spanning
tree take a polynomial amount of time [8]. Choose v; to be the “root” of the tree
and, for any k& > 2, define the space Sg r as the rational pure space whose model
(minimal if £ > 3) is as follows:

VEr' = (x1, ..., zn,t), |zl =1t|=2, i=1,...,n,

VC(Y‘),%(} = <yz‘,j7zr,87u>7 (L]) € E(T>7 (Ta S) € E(G> - E(T>7
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il = |u| = 2k — 3, |zns| =2k — 1,
k
dl‘z‘ = dt = 0, dyz’j = fo_lxé_l’
1=1

k
dzy s = tz Rl dy = g
=1

Then, we prove:
Theorem 8. G s k-colorable if and only if Sgr s not elliptic.

Proof: Assume G k-colorable. Then, by [14], the model (AVg, d) is not elliptic,
which is in turn equivalent (see Proposition 4 or the proof of [14, Theorem 3]) to
assert that the system

z
DoviTy T =0, 6.0) € BG)} (¥)
=1
have non trivial solutions in C. If {s1,...,s,} is such a solution then obviously
{s1,...,8n, 7}, with r = s1, is a solution of the system

SEuf il =0, 1<i<n-—1,
X of it =0, (r,s) € B(G) — E(T), (+%)

S
vpt =t =0,

Hence, again by [14], S r is not elliptic.
Conversely, assume that Sg 1 is not elliptic, i.e., the system (k%) has a non trivial

solution {s1,...,s,,7}. Then r # 0. Otherwise s; = 0 and, in view of the first set
of equations in (), the solution would be trivial. But, if » # 0, then {s1,...,s,}
is a non trivial solution of (x) and therefore G is k-colorable. ]

Now we are able to state a formula which gives, in polynomial time, a represen-
tative of the fundamental class of S 7:

Theorem 9. The fundamental class of Sq.r is represented by the cycle

n

w = % | S 11 Zr.s)-

=1 (r,s)EE(G)—E(T)
In particular, G is colorable if and only if [w] =0

Proof: To follow the procedure established in proposition 2 we need to choose ele-
ments ¢; j, ¥rs, ¢ € (AVSE" @ AVSFE, d), such that deg; ; = dy;j, dirs = dz,s, and
dp = du. Let us do it wisely: For each leaf or terminal vertex of the tree v; let v;
be the only vertex for which (v;,v;) € E(T') and define

k
— k—1,1-2 — k=2
¢i,j :xzzxz l'j +l‘jl‘j .
1=2
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Next, we eliminate from 7' the terminal leaves and we apply the same procedure to
the new tree T”. At the end of this process all the elements ¢; ;, (i,j) € E(T), are
defined. Finally set:

k
wr,s = % Z l‘f_ll'i,_l, (Ta S) € E(G> - E(T>7
=1
o =" — %

Then, in view of proposition 2 a representative of the fundamental class of S¢ 7 is
the coefficient of tz; ..., in:

w=¢) II @Wi—di) II  (ze—tno).

(4,7)EE(T) (r,8)€E(G)—E(T)

The factor T; corresponding to the leaves of the tree appears in ¢; j) with coefficient
2%7? (being (v;, v;) the only edge of the tree containing v;).

Again, the factor T, corresponding to the leaves of 7" only appears in ¢y, 4, (Vp, V4)
the only edge of 7" containing v,, with coefficient x’;_Q.

In this way we obtain the coefficients of every T;, ¢« = 2,...,n. Finally,7; only
appears in ¢ with coefficient 52, and 7 is in every v, (r,s) € E(G) — E(T), with
coefficient 38, xF~!2!~1. Hence, the theorem follows. [

It is a well known fact in complexity that given k > 3 the problem II of deter-
mining whether a graph can be k-colored is NP-complete. But in view of theorem
above we can reduced this problem to the problem II' of determining whether a
given cycle is a boundary. Indeed define a transformation 7': II — II" which assigns
to each I € II representing a graph G of n vertices, the instance T'(I) given by the
cycle w, as in theorem above, representing the fundamental class of Sg 7. This class
is encoded by the formal dimension together with the formula given in theorem 9
whose length is also obviously bounded by a polynomial in n. Hence, by theorem
8, and taking into account that obtaining a spanning tree in a graph requires a
polynomial amount of time [8], T" is a polynomial reduction and therefore we get

the following surprising consequence:

Corollary 10. Determining whether a cycle of the formal dimension is a boundary
1s an NP-hard problem.

Remark. As we pointed out in the first section (see [15]) the class [w] of a pure
model (AV, d) is a basis of the image of the evaluation map [7], evav,q): Extay (K, AV)
— H*(AV,d) in which Extay (K, AV') is Gorenstein, i.e., it has dimension 1. There-
fore, we can see this object carrying the solution of the decision problem of k-coloring
graphs.

Next, we shall modify again the space associated to a graph (and the integer 3)
so that it has null homotopy Euler characteristic. From this, we characterize the
3-coloring problem in terms of commutative algebra. As complexity is concerned
there is no loss of generality in restricting to the 3-coloring problem since it is well
known that the k-coloring problem, for any k£ > 3, can be polynomially reduced to
the case k = 3 [5].
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As before, Let G be a graph with vertices V(G) = {vy,...,v,} and edges E(G) =
{(vi,v;)}. We define the rational space S¢ whose Sullivan minimal model (AV, d) is
given by:

VGeven: <xz>7 |l‘0| :47 |x1| :2’ i:l,...,n,
Vcc;dd: <yz>7 |y0|:117 |y1| :57 i:l,...,n,
dxi = 07
i = e =), =L,
dyo=wo Y (a7 +ww;+ ] —x0).
(1,5)€E(G)

Again, we can prove:
Theorem 11. G is 3-colorable if and only if S is not elliptic.

Proof. As in proposition 4 or in the proof of [14, Theorem 3] we first remark that
S¢ is elliptic if and only if the system

l‘z‘(l'?—l'o):o, ’izl,...,n,
o Z(z‘,j)eE(G)(xzz + XTiZj + ZL'j2 — 1'0)2 = O,

has only the trivial solution over C. Assume the graph G to be 3-colorable and let
f: V(G) — {1,0,—1} be a coloring, that is to say, a map for which f(x;) # f(z;) if
(1,7) € E(GQ). Then sg =1 and s; = f(z;), i = 1,...,n, is a solution of the system:
trivially the first set of equations is satisfied. For the last equation observe that if
(i,5) € E(G), then s; — s; # 0 and s7 + s45; + 57 = (57 — s3)/(s; — 55) = 1.
Conversely, given {so, ..., s,} a non trivial solution of the system above, then, in
view of the first set of equations, sg # 0. Thus we may assume sy = 1 and therefore
s; € {1,0,—1} for any i. Hence, the map f: V(G) — {1,0,—1}, f(x;) = s, is a
coloring: Indeed, in view of the last equation s? + s;s;+s7 = 1 for any (1, j) € E(G),
and thus s; # s;. [

As we said the advantage of this space is that it has null homotopy characteristic
so its fundamental class lives in Ho(AV,d). Indeed, consider the adequate election
of (I)z

@Z:x?(@—%) 1§2§n,
Oo=7p », (27 43w+ ] —x0)
(.)€ E(G)

Then, applying the method above for calculating the fundamental class [w] of

H*(AVg, d) we obtain (up to a sign!):

w=[2} > (a4 zwx;+a]—z)°
=1 (i,j)€E(G)

Thus, if we consider in K[y, . . ., z,,] the ideal J generated by x;(z?—x), i = 1,...,n,
and o X jep() (7 + Tix; + 7 — 20)*, we deduce the following:

Corollary 12. G is 3-colorable if and only if TI\_, 27 3 jye p(e) (] +Tix 427 —10)* €
J.
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Proof. By theorem 11 G is 3-colorable if and only if S¢ is not elliptic which, in view
of observation above, is equivalent to the vanishing of the class [w]. Finally, since
[w] € Hi(AVg,d), the result follows. ]

Note that, since (AV¢, d) has null homotopy Euler characteristic, then H*(AVg, d) =
Ho(AVg,d) = Klzo,...,z,]/J. Hence, by theorem 11, F' is satisfiable if and only
if Hy(AVg,d) is infinite dimensional, which is equivalent to say that J is not gen-
erated by a regular sequence. However {z;(z? — x0)}, i = 1,...,n, obviously con-
stitutes a regular sequence in J. Thus, if we consider in Kz, ...,z,] the ideal
I = (zi(zo —22)), 1 < i< n, we have:

Corollary 13. G is 3-colorable if and only if there exists o € K|xy, ..., x,) — I such
that
a Y (@ twmyt+al— ) el
(1,4)€E(G)
Finally we are able to produce another interesting characterization:

Corollary 14. G is 3-colorable if and only if

H (l‘z—l'j)¢[

(1,5)€E(G)

Proof. Let G be 3-colorable and let f: V(G) — {1,0,—1} be such a coloring. As

in the proof of theorem 11 we observe that sg = 1 and s; = f(z;), i =1,...,n, is

a solution of the system. Hence any element of the ideal I evaluated in the given

solution is zero while [](; e p(q)(si — s5) # 0. Thus [1(; jyepe) (@i — 25) & 1.
Conversely, suppose that [1(; jep(q)(Ti — 7;) € I. Observe that

S (@ 4w+ :CJZ —z)® [I (wi—=zy)=

(i.J)EE(G) (1.9)€E(G)
S (@ — ay) (2} 4wz + :cj2 —z0)® ] (m—a) =
(1,5)€E(G) (k,D)#(3.5)
> ((xz3 — ;o) — (2 — xjxo))(x? tziwj+ai—xo) [[ (we—m)el
(1,5)€E(G) (kD) #(3.5)
Hence, by corollary above, G is colorable. [

Remark. Observe that, in view of proposition 4 and corollary 5, we do not need
to assume the ground field K of characteristic in corollaries 12, 13 and 14.

4 Other decision problems

In this final section we shall associate rational spaces to the satisfiability problem
and the subset sum problem so that these spaces are not elliptic if and only if the
given problems have solutions. Analogous results to theorem 11 and corollaries 12,
13 are obtained.
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We begin by recalling the satisfiability problem: Let {ly,...,l,} be a fixed set of
variables. A literal is a variable [; or its negation ;. A clause is a finite set of literals
and a propositional formula is a finite set of clauses. Given a propositional formula,
the satisfiability problem consists in deciding whether it is possible to assign logical
(or boolean) values to each of the variables so that the formula is satisfied. This was
the first problem that was proved to be NP—complete [5]. Also it is a well known
fact [8] that this problem can be reduced in polynomial time to the 3-satisfiability
problem, i.e., assuming that in each clause there are at most three literals. Thus, in
terms of computability complexity there is no loss of generality in considering the
3-satisfiability problem henceforth.

Let {l1,...,0,} be the set of logical variables and let F' = {cy,...,¢n} be a
propositional formula where each of the clauses ¢; = {aj1, a2, aj3} is formed by
literals which are either I; or [;. Usually, in conjunctive normal form, F is also
written as:

F = (Oéll V a9 V Oélg) VANAN (Oéml V (677 V Oémg),

An assignment of logical or boolean valuesis amap f: {l1,...,l,11,...,l,} — {0,1}
for which f(I;) + f(I;) = 1. If f(I;) = 1 we say that [; is true and if f(l;) = 0 we
say that [; is false. Hence I; is true (respec. false) if and only if I; is false (respec.
true). F' is satisfiable if there exists an assignment f for which F' is true, i.e.,

| (man:1,2,3 f(ajk>) =1.

Definition 15. Given a propositional formula F' as before, define the rational space
Sr whose minimal model (AVg,d) is as follows:

V' = <xz>7 1=0,...,n, |x1| =2,

Vlgdd: <yz>7 1=0,...,n, |y1| =3, 1#0, |y0| =7
dl‘z‘ :0,
dyi:.%'i(l'o—l'z‘), i:l,...,n,

dyo = xo Z (o) o(j2)P(ays),
j=1

i which

(]5(0(): {l‘o—l‘z‘ Zf Oé:lz‘,

Then we prove:
Theorem 16. F' is satisfiable if and only if the space S is not elliptic.

Proof. Again, As in the proof of [14, Theorem 3| observe that Sp is elliptic if and
only if the system

l‘z‘(l'o—l'z‘)zo, ’izl,...,n,
To - 25 ITi-s P(ajk) =0,
has only the trivial solution over C. Let f: {l1,...,l,l1,...,l,} — {0,1} be a

boolean assignment for which F' is satisfied. Then s; = f(l;), so = 1, is a non trivial
solution of the above system: trivially s;(so —s;) = 0, 1 < i < n. On the other
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hand assume that there exists a clause ¢; for which (in the values of the solution)

¢(aji) # 0 for each k. Hence, either oy = I; and s; = 0 so that f(l;) = f(a;x) = 0;
or ajr = I; and thus s; = 1 so that f(I;) = f(a;i) = 0. Therefore ¢; is not satisfied,
which is a contradiction.

On the other hand let {so, ..., s,} be a non trivial solution of the above system.
Then sg # 0, otherwise, in view of the first set of equations, all s; would also be
null for i = 1,...,n. Hence s;/ = s;/s9, 0 < i <mn, is another solution for which

si# € {0,1}. Finally, the assignment f: {l,...,l,l1,...,l,} — {0,1}, f(l;) = s
makes [ true. Indeed, for each clause ¢; there exists at least a literal « for which
¢(a) = 0. Then either:

(a) ¢(a) = sif = 0 for some i. Thus, o = I; while f(I;) = 0. Hence, f(a) =
and the clause is satisfied; or

(b) ¢(a) = so/ — sit = 0 for some i. Then, « = [; and f(l;) = si/ = 1, i.e.,
f(a) =1 and again ¢; is satisfied. ]

Next, observe that the space Sp associated to a formula F' is pure. Hence
choosing ®; = z;(Tp — T;), 1 = 1,...,n, P9 = Tp - Py I, é(ajy), and applying
the process above we get (again up to a sign):

- <f[1xi>fjn (o).

Then, as in corollary 12, if we denote by J the ideal of K[xy, ..., z,] generated by
{dy;}, i=0,...,n, we deduce the following:

Corollary 17. The formula F' s satisfiable if and only if w € J.

Note that, since (AVp, d) has null homotopy Euler characteristic, using the same
argument as in corollary 13, we get:

Corollary 18. The formula F is satisfiable if and only if there exists o € K|z, ..., x| —
I such that: ,
a-y H (ajx)
j: :

Finally, analogous results can also be obtained with respect to the subset sum
problem: Given a subset B C N and an integer ng € N, does there exist A C B
such that Y ,c4a = no? This problem is also known to be NP-complete [8]. Then,
we may associate to the data ng, B = {a1,...,a,} the rational space Sp,, whose
minimal model is the pure KS-complex (AV3 ,,,d) given by:

Vg = (rs), i=0,...,n, |z =2,
ngﬁ):(yi% i=0,...,n, |y =3.
dl‘z‘:O,

dyi:.%'i(l'o—l'z‘), ’izl,...,n,

dyo = .%'Q(Z a;T; — nol'o).

=1

Then, we prove
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Theorem 19. The subset sum problem for B and ng has a solution if and only if
SB.n, 15 not elliptic.

Proof. Again, Sp.n, is not elliptic is and only if the system

1,...,n,

xo( ?:1 iT; — nol“o) =0,

{ l‘z‘(l'o — l‘z) = 0, 7
has non trivial solutions. Assume that the subset sum problem has a solution and
let A C B be such that >°,c4a =ng. Then

s;=1, if i=0 or a; €A,

s; = 0 otherwise,

is trivially a solution of the system. Conversely, given a non trivial solution {so, ...,
sn}, we see that sop # 0. Thus we may assume that so = 1 and s; € {0,1}, for any
1. Then Zj|8].:1 aj = no. [ ]

As before, we now find a representative w of the fundamental class of H*(AVp . d).
For that we define
P; = zy(T; —To), 1<i<n,

n

CI)Q = fo(z a;T; — nol'o),

=1

to obtain (up to a sign)

n n
w = H T (Z a;T; — NgTo).
i=1 =1

Hence, we deduce that the subset sum problem has a solution if and only if the
fundamental class [w] = 0, which is in turn equivalent to the following: Denote by J
the ideal of K[xo, ..., z,] generated by x;(x; —x¢), i =1,...,n, and z¢ (X7, a;x; —
nol'o). Then,

Corollary 20. The subset sum problem for B and ng has a solution if and only if
w e J.

Again, let I C K[z, ..., z,] be the ideal generated by {z? — z;x0}, i = 1,...,n.
Then we have:

Corollary 21. The subset sum problem for B and ng has a solution if and only if
there exists a € K[xq, ..., x,] — I such that

n
a(z a;x; — noxo) € I.
i=1
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