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Abstract We show that the fundamental group of ordered affine-equivalent configu-
rations with at least five points in the real plane is isomorphic to the pure braid group
in as many strands, modulo its centre. In the case of four points, this fundamental
group is free with 11 generators.
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1 Introduction

The aim of this note is to establish a new link between discrete geometry and classi-
cal concepts in topology. Configurations of vectors can be understood with the help
of Grassmannian manifolds equipped with a stratification controlled by matroids [4].
Similarly, affine configurations yield stratified Grassmannians whose structure is de-
termined by affine-oriented matroids. The decomposition provided by Schubert cells
of a Grassmannian has striking equivalent formulations in terms of convex polyhedra
and of matroids [8]. Affine analogues of these results have been pursued in [1, 5],
where the focus is on understanding the combinatorics of these polyhedral structures.
We will show that the topology of based loops of certain affine configurations can be
explained using braids.

A braid should be thought of as a system of k strings which do not intersect and
have fixed start and end points. Let Xk and Yk be the sets {(1,0,1), (2,0,1), . . . ,
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(k,0,1)} and {(1,0,0), (2,0,0), . . . , (k,0,0)} in R3, respectively. Consider a smooth
embedding βi of the unit interval I into R3 such that βi(0) lies in Xk and βi(1) in Yk .
Denote by β a collection of k such embeddings βi , each one starting from a distinct
point in Xk and ending in a distinct point in Yk , such that the projection to the z

coordinate is decreasing as t runs from 0 to 1 in I . We also require that βi(t) �= βj (s)

for every t, s in I and i �= j , which means we obtain disjoint images and the strings
do not intersect.

Definition 1 A braid b is an isotopy class of a β as described above.

Braids form a group Bk [2] and each braid b permutes the order of Xk to a new or-
der in Yk . When this order remains unchanged, i.e. the permutation is trivial, we say b

is a pure braid. It is easy to see that pure braids form a subgroup Pk . The fundamental
group of the space of k-tuples of distinct points in the plane is isomorphic to the pure
braid group Pk [6]. The centre of Pk is the infinite cyclic group Zk , generated by the
element �k .

The spaces of affine configurations of flats in affine and projective spaces were

defined in [1]. Following the same notation we consider
−−→
A

2
k,0(�=), the space of dis-

tinct (�=), oriented (→) affine classes of sets of k points in the real affine plane. For
simplicity we will refer to this space as Ak .

Theorem 1 For k ≥ 5, π1(Ak,∗) ∼= Pk/Zk .

This can be seen as a variation of the classical result about the configurations
of distinct points in the plane and the pure braid group mentioned above. It allows
results from braid groups to be translated into results about affine configurations. For
example, the conjugacy problem for braids is solvable [7], therefore the isomorphism
above implies that the conjugacy problem for homotopy classes of based loops of
oriented affine configurations in the plane is also solvable. In principle there exists an
algorithm to decide whether or not two such loops are conjugate.

Suppose X is a topological space and let Homeo(X) denote the group of self-
homeomorphisms of X. Let Homeo0(X) and Homeo+(X) be the subgroups that
consist of homeomorphisms which are isotopic to the identity and those which
preserve orientation, respectively. Define the pure mapping class group of X as
Homeo+(X)/Homeo0(X).

The group Pk is isomorphic to the pure mapping class group of the disk D2 mi-
nus k points [3], we can now establish another isomorphism. From Theorem 4.5 in
[9, p. 164] it follows that the pure mapping class group of the sphere S2 with k + 1
punctures is Pk/Zk . Therefore we obtain for k ≥ 5:

Corollary 1 The fundamental group of Ak is isomorphic to the pure mapping class
group of the sphere S2 punctured k + 1 times.

We will show that the group π1(A4,∗) is isomorphic to a free group with 11
generators. This can be seen by using the combinatorial decomposition of the affine
configuration spaces, as outlined in [1] and [5]. Notice that the configuration space
A3 consists of a single point.
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2 Proofs

Let 〈p1,p2, . . . , pk〉 be the affine span of the set {p1,p2, . . . , pk}, where pi ∈ Rn.
Define

Ek := {(p1,p2, . . . , pk) : pi ∈ R2, 〈p1,p2, . . . , pk〉 = R2,pi �= pj }.
In other words, we are considering the sets of k points in R2 which are not all

colinear and hence span the real plane affinely. The group Aff+(R2) of orientation
preserving affine transformations of R2 acts freely on Ek . We denote the quotient of

Ek under this action by Ak := Ek/Aff+(R2); in [1] it is denoted by
−−→
A

2
k,0(�=). We call

Ak the space of oriented affine configurations of k distinct points in the real plane. It

was shown in [5] that Aff+(R2)
i→ Ek → Ak is a principal fibre bundle.

Proof of Theorem 1 Consider the exact sequence of homotopy groups associated to

the principal fibre bundle Aff+(R2)
i→ Ek → Ak ,

· · · → π1(Aff+(R2),∗)
i∗→ π1(Ek,∗) → π1(Ak,∗) → π0(Aff+(R2),∗) ∼= 1.

Note that π1(Aff+(R2),∗) is isomorphic to Z, because Aff+(R2) retracts to
SO(2). Say the generator of π1(Aff+(R2),∗) ∼= Z is g. Since group morphisms send
generators to generators we have,

〈i∗(g)〉 = i∗(π1(Aff+(R2),∗)).

Let Fk := {(p1,p2, . . . , pk) : pi ∈ R2,pi �= pj } be the standard space of configu-
rations of distinct ordered k-points in R2.

Notice that g, as a path in Aff+(R2), can be represented as a continuous full rota-
tion of the plane.

Take γθ = ( cos θ sin θ
− sin θ cos θ

)
, for θ ∈ [0,2π] to be a representative of g. Then the

path i∗(γθ ) rotates the plane by one whole turn, and hence also rotates the points
{p1, . . . , pk} by one whole turn. Therefore i∗(γθ ) is identified with �k under the
classical identification of π1(Fk,∗) with Pk , where �k is the generator of the centre
Zk of the pure braid group Pk . This implies

i∗(π1(Aff+(R2),∗)) ∼= 〈i∗(g)〉 ∼= 〈�k〉 ∼= Zk.

We now claim that for k ≥ 5 the fundamental group of Ek is isomorphic to the pure
braid group Pk .

Consider the smooth inclusion Ek ↪→ Fk , and note that both Ek and Fk are smooth
submanifolds of R2k , because they are the complements of a collection of closed sub-
spaces of codimension 2. Furthermore, Ek is a smooth submanifold of Fk . Similarly
Fk − Ek ↪→ Fk is a smooth inclusion. We will show that the complement of Ek in
Fk has dimension k + 2. The claim π1(Ek,∗) ∼= Pk will follow from the general fact
that when a smooth submanifold Nn of dimension n in a smooth manifold Mm of
dimension m, with m − n ≥ 3, then the inclusion

i : (M − N) → M
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Fig. 1 The combinatorial
structure lifts to the double
orientation cover

induces an isomorphism on the fundamental groups

i∗ : π1((M − N),x) → π1(M,x)

so that π1((M − N),x) ∼= π1(M,x).
Notice Fk is an open subset of R2k , which means dim(Fk) = 2k. An element of

Fk − Ek is a k-tuple of points {p1, . . . , pk}, all of which lie on the same line in
R2. First we will use the real projective plane RP 2 minus a point to parameterise
free lines in R2. Let P be the plane {(x, y, z) ∈ R3 : z = 1}, for [l] ∈ RP 2 consider
the plane through the origin which is normal to l and call it l⊥. Denote the inter-
section P ∩ l⊥ by l′, then [l] 
→ l′ is the homeomorphism that parameterises free
lines in R2 by elements of RP 2 minus the element corresponding to the z axis (and
dim(RP 2) = 2).

Since the k-tuple {p1, . . . , pk} is allowed to move freely within the line l, it can
be described as an open subset of Rk . Hence dim(Fk − Ek) = k + 2, and we are left
with 2k − (k + 2) ≥ 3 ⇔ k ≥ 5. This implies that π1(Ek,∗) ∼= π1(Fk,p) ∼= Pk when
k ≥ 5.

Now from the exactness of the sequence of homotopy groups we obtain that
π1(Ak,∗) is isomorphic to Pk/Zk . �

Notice that a presentation for π1(Ak,∗) can be obtained from a standard presen-
tation of Pk adding a new relation that comes from �k .

In [5] it was shown that A
2
4,0 is homeomorphic to RP 2. Taking the double ori-

entation covering we can see
−−→
A

2
4,0 is homeomorphic to S2 and it has the polyhedral

structure of the truncated cube, as illustrated in Fig. 1.

Then A4, which in the notation of [1] is
−−→
A

2
4,0(�=), is homeomorphic to S2 minus

the vertices of the truncated cube. Because these vertices correspond to configurations
where two points pi and pj coincide, i.e. pi = pj for i, j = 1,2,3,4. Hence A4
is homeomorphic to S2 minus 12 points, which correspond to the vertices of the
truncated cube. Therefore the fundamental group of A4 is isomorphic to the free
group generated by 11 elements.

Question Can the cohomology of Ak be computed using the principal fibre bundle

Aff+(R2)
i→ Ek → Ak

and spectral sequences associated to it?

Acknowledgements The author thanks Luis Montejano Peimbert for his guidance and encouragement,
he is also grateful to Francisco González Acuña, Mario Eudave Munõz and Raymond Lickorish for useful
conversations and for pointing out subtle details in previous versions.



Discrete Comput Geom (2009) 41: 177–181 181

References

1. Arocha, J.L., Bracho, J., Montejano, L.: Configurations of flats, I: manifolds of points in the projective
line. Discrete Comp. Geom. 34, 111–128 (2005)

2. Artin, E.: Theorie der Zopfe. Hamburg Abh. 4, 47–72 (1925)
3. Birman, J.S.: Braids, Links and Mapping Class Groups. Annals of Mathematics Studies, vol. 82. Prince-

ton University Press, Princeton (1975)
4. Björner, A., Las Vergnas, M., Sturmfels, B., White, N., Ziegler, G.M.: Oriented matroids, 2nd edn.

Encyclopedia of Mathematics and its Applications, vol. 46. Cambridge University Press, Cambridge
(1999), xii+548 pp.

5. Bracho, J., Montejano, L., Oliveros, D.: The topology of the space of transversals through the space of
configurations. Topol. Appl. 120, 93–103 (2002)

6. Fox, R.H., Neuwirth, L.: The braid groups. Math. Scand. 10, 119–126 (1962)
7. Garside, F.A.: The braid group and other groups. Q. J. Math. Oxf. 20(20), 235–254 (1969)
8. Gel’fand, I.M., Goresky, R.M., MacPherson, R.D., Serganova, V.V.: Combinatorial geometries, convex

polyhedra, and Schubert cells. Adv. Math. 63(3), 301–316 (1987)
9. Hansen, V.L.: Braids and Coverings. London Mathematical Society Student Texts, vol. 18. Cambridge

University Press, Cambridge (1989)


	Affine Configurations and Pure Braids
	Abstract
	Introduction
	Proofs
	Acknowledgements

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


