A simple model of 4d-TQFT

Rinat Kashaev

Abstract We show that, associated with any complex root of unity , there exists a
particularly simple 4d-TQFT model defined on the cobordism category of ordered
triangulations of oriented 4-manifolds.

1 Introduction

Pachner or bistellar moves are known to form a finite set of operations on triangu-
lations such that arbitrary triangulations of a piecewise linear (PL) manifold can be
related by a finite sequence of Pachner moves [15, 13]. As a result, the combinato-
rial framework of triangulated PL. manifolds combined with algebraic realizations
of Pachner moves can be useful for constructing combinatorial 4-dimensional topo-
logical quantum field theories (TQFT) [20, 1]. Realization of this scheme in three
dimensions has been initiated in the Regge—Ponzano model [16], where the Pachner
moves are realized algebraically in terms of the angular momentum 6 j-symbols sat-
isfying the five term Biedenharn—Elliott identity [3, 7], which has eventually led to
the Turaev—Viro TQFT model [18] and subsequent generalizations based on the the-
ory of linear monoidal categories [17]. The same scheme in four dimensions is more
difficult to realize, mainly because of the complicated nature of algebraic construc-
tions generalizing those of the linear monoidal categories though some realizations
are known [6, 5, 4, 11, 12]. In this paper, to any complex root of unity ®, we asso-
ciate a rather simple model W, of 4d-TQFT defined on the cobordism category of
ordered triangulations of oriented 4-manifolds. The definition is as follows.

A simplicial complex is called ordered if the underlying set is linearly ordered.
We denote by N := ord(w) the order of ®, and we recall that in any ordered triangu-
lation of an oriented d-manifold, each d-simplex S comes equipped with a sign £(S)
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taking the positive value 1 if the orientation induced by the linear order on the ver-
tices of S agrees with the orientation of the manifold. We specify W,, by associating
the vector space CV to each positive tetrahedron and the dual vector space (CN )*
to each negative tetrahedron. For a pentachoron (4-simplex) P realizing an oriented
4-ball, we associate the vector

Wo(P) € Wo(9P) = &g Wa(9iP) ()
defined by the formula
_[oife(P)=1;
Wao(P) = { O otherwise. )
where
Q:=N"1/* Z O e @ &1 @ €] @ i @ e, (3)
k,l,meZ/NZ
Q = Nﬁl/4 Z wikmék®€k+l®e_l®el+m®e_m (4)
k,l,meZ/NZ

with {e;}rez/nz and {&;}rez/nz being the canonical dual bases of CV and (CV)”
respectively.
Let X be an ordered triangulation of an oriented 4-manifold. We define

Weo(X) = NI =X"D/2 By(@ pex Wi (P)) (5)

where the tensor product is taken over all pentachora of X, Ev is the operation of
contracting along all the internal tetrahedra of X, and [X/™| is the number of i-
dimensional simplices in the interior of X. Our main result is the following theorem.

Theorem 1. W, is a well defined 4d-TQFT.

This TQFT is unitary in the sense that
Wo (X*) = Wo (X)" (6)

where X* is X with opposite orientation, while W, (X)* is the Hermitian conjugate
of Wy (X) with respect to the standard Hilbert structure of the space CV where the
canonical basis is orthonormal. We collect a few results of calculation into Table 1
where x(X) is the Euler characteristic.

Remark 1. Strictly speaking, the term TQFT (Topological Quantum Field Theory)
here is used in an extended sense of TQFT with corners [19, 14]. In particular, for
an ordered triangulation X of an oriented compact closed 3-manifold, the cylinder
X x [0, 1] admits an ordered triangulation that extends that of X, see e.g. [8], and
the partition function W, (X x [0, 1]), interpreted as an element of End(Wy (X)), is
not the identity map, as it would be if W, was an ordinary TQFT in the sense of
Atiyah [1], but only a projection operator to a vector subspace W, (X) C Wy (X).
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[ X xX] weX) ]

s* 2 1
PxS? |4 [B+(-1)N))2
cP? 3 N2yl of

$xsT [0 1
SExSTx S 0 [B+(-1)V)/2

Table 1

It is this system of subspaces that can be given an interpretation of a TQFT in the
sense of Atiyah. One can show that dimW,,(S3) = 1, and this fact implies that the
invariant is multiplicative under the connected sum.

Conjecture 1. For a given compact oriented closed 4-manifold X, the quantum in-
variant Wy, (X), considered as a function on the set of all complex roots of unity,
takes only finitely many different values.

The first preprint version of this paper is available as [9], where a different nor-
malization of pentachoral weight functions is used and the corresponding TQFT is
denoted M,. In the case of closed 4-manifolds, the two TQFT’s are related by the
formula

W (X) = N*X 201, (X). (7

In the next two sections we prove Theorem 1 by identifying the transformation
properties of W, under order changes and its invariance under the Pachner moves.
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2 Behavior under order changes

Proposition 1. For two ordered triangulations X and Y of a compact oriented 4-
manifold related by a change of ordering, one has the equality

Wo(Y) = b(We (X)) (8)

where

b: Wo(dX) — We(Y). ©)

is an isomorphism of vector spaces.

Let us fix a square root /. Following [2], we define a function
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®: Z/NZ - C, k) = (Vo)™
which has the properties
d(k)? =0, D(—k)=dKk), DPk+1)=Dk)P()o".
We also denote

B(k) = %.

Next, we define two vector space isomorphisms
S,T: (CY)" -V,
by the formulae

Ser=N""2"Y @1, Tex=d(k)ey.
I€Z/NZ

Notice that their inverses are given by the Hermitian conjugate maps :
1

Silekzgekz — Z @(k—l)él, TﬁlekZTekz(i(k)e_,k.
\/NZEZ/NZ

We also define the permutation maps

P: (CY)'@C¥ »CVe (CY)", P=P:C¥e(CV)" — (CY) oCV.

The proof of Proposition 1 is based on the following lemma.

Lemma 1 ([10]). One has the equalities

0=PRTRTRT)0=(TRP285®S)0
= (S®SoPRT)0=(TRTRT®P)O
where the vectors Q and Q are defined in (3) and (4).

Proof. Let us prove the first equality:

NAPeTeTeT)0= Y 0 "a,060Ta0Te ,0Te,
k,lmE€Z/NZ,
= Z w_k’"dﬁ(l)d_i(ler)(D(m)ekH®e‘k®e_l®é_1_m®e,m
k. mEL/NT,
= o Mg @G Re 1@y De_y

kl,meZ/NZ

= )Y 0Ma®f 000 n®en
k,l,meZ/NZ

(10)

1)

12)

13)

(14)

5)

(16)

A7)
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= Z wkm€k®ék+1®€z®él+m®em=N1/4Q (18)
k,l,meZ/NZ

where, in the third equality, we used the last relation in (11), in the forth equality we
shifted the summation variable k — k — [, and in the fifth equality we negated the
summation variables / and m. The other relations are proved in a similar manner,
see [10] for details.

Proof (of Proposition 1). For a triangle f of an ordered triangulation, we let C(f)
denote the set of all tetrahedra containing f. Let X and Y be two ordered triangula-
tions differing in the orientation of only one edge e. The change of the orientation
of e results in changing the sign of each pentachoron of X containing e. By apply-
ing the appropriate equality of Lemma 1 to each such pentachoron in Wy, (X) we
observe that for each triangle f containing e, there is a cancellation of an inverse
pair of S or T operators for each internal tetrahedron of C(f). In this way, we im-
mediately obtain the equality W, (X) = b(W,(Y)) where b is given by the product
of non-canceled S or T operators acting on the boundary tetrahedra. We finish the
proof by remarking that any ordering change can be obtained as a finite sequence of
single edge orientation changes.

3 Invariance under the Pachner moves

A Pachner move in dimension 4 is associated with a splitting of the boundary of a
5-simplex into two non-empty disjoint sets of 4-simplices (pentachora). A Pachner
move is called of the type (k,I) with k+1 = 6, if the two disjoint subsets of pen-
tachora consist of k and / elements respectively. Thus, altogether, we have Pachner
moves of three possible types (3,3), (2,4) and (1,5). Let us discuss in more detail
their algebraic realizations in terms polynomial identities for the matrix coefficients
of the vectors (3) and (4) defined by the formulae:
Lik — (5. 5. 5 — N V40ks, .. 5.
O =(Ei®e®ejQen e, Q) =N"""0%8 it ji (19)

I,m

and
Qﬁjjfk = (0 Re;@enDer,0) =N V40 %8 11 18, s (20)

3.1 The type (3,3)

This is the most fundamental Pachner move as it is the only one which can be written
in the form involving only the pentachora of one and the same sign and, in a sense,
it implies all other types.

Consider a 5-simplex with linearly ordered vertices A = {vo,vy,...,vs}. Its
boundary is composed of six pentachora d;A = A\ {v;} of which three are posi-
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tive corresponding to even i’s and three are negative corresponding to odd i’s. All
even (respectively odd) pentachora compose a 4-ball, to be called even (respectively
odd) 4-ball, so that the boundary of both balls are naturally identified as simplicial
complexes. Both of these balls, when considered separately, are composed only in
terms of positive pentahora, and the corresponding algebraic condition on the vector
0 takes the form

ZQllm S,gn tuk Zank ljl lus 1)

s,tu S,t,u

where the left hand side corresponds to the even 4-ball and the right hand side to
the odd one, while the summations in both sides correspond to their own interior
tetrahedra. Namely, denoting the tetrahedron A \ {v;,v;} by A;;, the indices s,7,u
correspond to the tetrahedra Agp, Ags and Ay4 in the even 4-ball, and the tetrahedra
A1s, Ass and Aj3 in the odd 4-ball, while the exterior indices i, j,k,I,m,n, p,q,r on
both sides correspond to the boundary tetrahedra Ag;, A23, A4s, Aoz, Aos, Azs, Al2,
A4, Az4 respectively. All other forms of the Pachner relation of the type (3,3) can
be obtained from (21) by applying the symmetry relations (17).

Lemma 2. The Pachner relation (21) holds true for the weights (19).

Proof. By substituting one after another the explicit forms from (19), we have

N3/4(l.h.s. of (21) ZwlleJrl]n l+muk

_ pyim (i
=0 (D 6p i+14j

— +(i+1)n+(I4+m)k
—wlm (EDnt(4m) 6pl+l+]6ql+m+/+n5rj+n+k7

Ql+m ,j+nk

and, similarly,

N3/4(r.h.s. of (2]) Zwkal,J Jn+k lu,ern

_ wmk+l(n+k) 5r/+n+l< Ql A4 jmA4n

mk+l(n+k)+l(m+n) 6r,j+n+k 6p,i+l+j 6q,l+j+m+n-

=
Comparing the obtained expressions, we see that they are the same.
Remark 2. 1t is interesting to note that by defining three families of linear maps
LM/ RF:CVocCY - cVecCh,
0y = (6@ 2 Lie en)) = (1@ 2 MY (e1 @ e)
= (¢;®¢;, R (er®@en)), (22)

we can rewrite the system (21) as a 3-index family of matrix Yang—Baxter relations
inCN®CNeCVN:
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i aq) pk _ pk ag) 7i
12Mi3Ry3 = RysMi3L1, (23)

with the standard meaning of the subscripts, for example, L}, := L' ® id¢w, etc. It
would be interesting to understand the significance of this fact in relationships of
4d-TQFT with lattice integrable models of statistical mechanics.

Remark 3. Another equivalent form of the system (21) is given by a 3-index family
of “twisted” pentagon relations either for the R'-matrices

RiaRERS = L OL Reaftly =N~ RS RI™, (24)

or for the Li-matrices

L23L13L12*ZQllmLssz =N"VtemLiLhm, (25)

st

where we use the matrices defined in (22).

3.2 The type (2,4)

We split the pentachora of the 5-simplex A = {vg,vi,...,vs} into a subset of two
pentachora djA and d3A and the complementary subset of other four pentachora.
The corresponding algebraic relation takes the form

N—1/2 Z QllmQ;,jun wuk mnk_ZQqu, ;7”;7 (26)

k,m,n,u,v,w

where the factor N~'/2 in the left hand side corresponds to the internal edge vivs3,

according to our TQFT rules. All other forms of the Pachner move of the type (2,4)
can be obtained from (26) combined with the symmetry relations (17).

Lemma 3. The relation (26) holds true for the weights (19) and (20).

Proof. We rewrite (26) in the equivalent matrix form

Y RLRLRS0), = N'2Ro;RY, (27

k,m.n

and easily prove it by using (24):

Y RLRLR50), (= N- V“Zw s=m)i=) Ra—n R R

km.n

=N Y RoiR}, = N'ZRoR),. (28)
n

Remark 4. As the proof of Lemma 3 shows, the Pachner relation of the type (2,4)
given by equation (26) is clearly weaker than the Pachner relation of the type (3,3)
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given by equation (21). Namely, we cannot revert the argument of the proof to obtain
an equivalence between the two relations.

3.3 The type (1,5)

We split the pentachora of the 5-simplex A = {vg,v1,...,vs} into the set composed
of only one pentachoron d;A and the complementary set of other 5 pentachora. The
corresponding algebraic relation takes the form

-2 A k A8, u,r
N Z Qi’ WmQ;’janwx Qm n, le JJit Ql 4 (29)
J.k,Lm,n,rtv,wx
where the factor N~ in the left hand side corresponds to one internal vertex v; and
five internal edges which connect it to other five vertices, so that N (1-5)/2 — N2,

As before, all other forms of the Pachner relations of the type (1,5) can be obtained
from (29) by using the symmetry relations (17).

Lemma 4. The relation (29) holds true for the weights (19) and (20).
Proof. By using (26), we write

-2 ilm v;n wx,k ASt AUT
N Z Q Q Q Qm,nA,le,j,t

J.k,Lm,n,rtv,wx

32 Lt s AT A=
=N / Z Qx',]r Q;;qu [L/",—N Z 5x,L¢5x,l+j5r,j+thp)_CqS

Jlrtx Jil,nt.x
iU, AT — 1us —2
Q N Z 5u,l+j6r,j+t N Z 514 JA+j
J.l.rt J.lt
zus 2 zu,s
SN 21 Qiis. (30)
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