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Abstract

We show that for any finitely generated subgroup H of a limit group L
there exists a finite-index subgroup K containing H, such that K is a sub-
group of a group obtained from H by a series of extensions of centralizers
and free products with Z. If H is non-abelian, the K is fully residually H.
We also show that for any finitely generated subgroup of a limit group,
there is a finite-dimensional representation of the limit group which sep-
arates the subgroup in the induced Zariski topology. As a corollary, we
establish a polynomial upper bound on the size of the quotients used to
separate a finitely generated subgroup in a limit group. This generalizes
the results in [I0]. Another corollary is that a hyperbolic limit group
satisfies the Geometric Hanna Neumann conjecture.

1 Introduction

A group is said to retract onto a subgroup if the inclusion map of the subgroup
into the group admits a left-inverse. In which case, the left-inverse is called a
retraction and the subgroup a retract. In [22], Wilton proves that if H is a
finitely generated subgroup of a limit group L, g € L — H, then H is a retract
of some finite-index subgroup K < L which contains H but not g [22]. We will
refer to the smallest set of groups containing all finitely generated free groups
that is closed under extensions of centralizers as ICE. By [6], limit groups are
precisely the finitely generated subgroups of groups from ICE. We will modify
the construction, from [22], of a finite-index subgroup K < G, where G is an
ICE group, in such a way that not only is there a retraction K — H, but, for
a non-abelian H, a discriminating family of retractions (for each finite set S of
non-trivial elements in K, there is a retraction from K onto H that is injective on
S). In other words, K is fully residually H. This finite-index subgroup K will be
a group obtained from H by a finite chain of groups H = Ky < ... < K, = K,
where K11 is either K;*F', where F' is some free group or K; is an extension of
a centralizer in K;. We will call a group obtained by such a chain an H—GICE
group. (If H is free, then the classes of H-GICE groups and ICE groups
containing H, coincide.) It is well known that an extension of a centralizer of a



limit group G is fully residually G. This was first proved in [T1] (one can find
a detailed proof, for example, in [I6] Lemma 3.7].) It is also known that a free
product of a non-abelian limit group G and a free group is fully residually G.
Therefore, each group in the chain used to construct K is fully residually H.

Theorem 1. Let G be an ICE-group, H be a finitely generated subgroup, and
g € L—H. Then, there ezists a finite-index subgroup K of G such that H < K,
K is an H-GICE group, and g ¢ K.

Corollary 2. Let L be a limit group, H be a finitely generated subgroup, and
g € L— H. Then, there exists a finite-index subgroup K of L such that H < K,
K is a subgroup of an H-GICE group, and g ¢ K.

This theorem implies the following result.

Theorem 3. Let L be a limit group, H be a finitely generated mon-abelian
subgroup, and g € L — H. Then, there exists a finite-index subgroup K of L
such that H < K, K is fully residually H, and g ¢ K.

Theorem [3| is also true when L is abelian and, therefore, H is abelian (see
Remarks at the end of the proof). In the case when H is abelian and L is
non-abelian a finite-index subgroup of L cannot be fully residually H.

Theorem 4. Let L be a limit group. If H is a finitely generated non-abelian
subgroup of L, then there is a faithful representation pg : L — GL(V') such that
pu(H)Npu (L) = pg(H), where pg(H) is the Zariski closure of p (H).

Likewise, this theorem is true when L is abelian.

Corollary 5. Let L be a limit group and S be a finite generating set for L.
If H < L is a finitely generated subgroup, then there exists a constant N > 0
such that for each g € L — H, there exist a finite group Q and a homomorphism
w: L — Q such that ¢ (g9) ¢ ¢ (H) and |Q] < ||g||g If K = Hker g, then K

is a finite-index subgroup of L whose index is at most |Q| < ||g\|f9v with H < K
and g ¢ K. Moreover, the index of the normal core of the subgroup K is bounded
above by |Q)|.

To use Theorem [ for the proof of this corollary in the case when L is non-abelian
and H is abelian we can take instead of H a non-abelian subgroup Hy; = H  {(x)
for a suitable element x.

Our Theorem [l and Corollary [B] generalize results for free and surface groups
from [I0]. We use [I0] to deduce Corollary [5 from Theorem Corollary
establishes polynomial bounds on the size of the normal core of the finite index
subgroup used in separating g from H. The constant N explicitly depends on
the subgroup H and the dimension of V' in Theorem [l For a general finite
index subgroup, the upper bound for the index of the normal core is factorial
in the index of the subgroup. It is for this reason that we include the statement
about the normal core of K at the end of the corollary.



Recently, several effective separability results have been established; see [2]-
[10], [12]-[14], [T7]-[2T]. Most relevant here are papers [I0], [9]. The methods
used in [9] give linear bounds in terms of the word length of |g| on the index of
the subgroup used in the separation but do not produce polynomial bounds for
the normal core of that finite index subgroup. We can also obtain bounds on
the index of the separating subgroup on the order of magnitude C|g|, where C
is a constant depending on L and H.

In Section [f] we will formulate the Geometric Hanna Neumann conjecture
by Antolin and Jaikin-Zapirain for limit groups and give a proof (due to Jaikin-
Zapirain) that Theorem [I| implies the conjecture for hyperbolic limit groups

(Theorem [29).

2 Preliminaries

Definition 6. A family F of H-homomorphisms (identical on H) from a group
G onto a subgroup H is called a discriminating family if for any finite set S of
non-trivial elements in G there exists a homomorphism v € F such that for any
g€ S, ¥(g) # 1. Wesay G is fully residually H if there exists a discriminating
family of H-homomorphisms from G to H.

Definition 7. Let G be a group and C¢(u) denote the centralizer of an element
u € G. An extension of a centralizer of G is the group

(G u) = (G, t1,....tg | [, ti] ,c € Ca(u), [ti, t;],0,5 =1,... k).

Similarly, if we extend centralizers of several non-conjugated elements w1, . .., Uy,
in G we denote the obtained group by (G, u1,. .., uy).

An iterated extension of centralizers is obtained by finitely many applications
of this construction to a finitely generated free group and is called an ICE-group.
In this case we can assume that each centralizer is extended only once. In other
words, on each step Cg(u) is cyclic.

Let

F=Gy <G =(Gu)<...<G,=(Gp-1,u,) =G (1)

be a chain of centralizer extensions to obtain an ICE-group G. Then we always
assume that in this chain centralizers in GG; are extended before centralizers in
Git1. We can modify this chain the following way

F:G0<Gil<...<Gik=G, (2)

where G;, = (Go,u,...,u;, ), where uq,...,u;, are in Gy is obtained from G
by extending all the centralizers of elements from G that appear in the first
chain. Similarly G, , is obtained from G;; by extending all the centralizers of
elements in G;; that were extended in the first chain.

Definition 8. Let G be an ICE group. Then associated with G is a finite
K (G, 1) space, called an ICFE space, which is constructed as follows:



1. If G is free, then take X = K(G,1) to be a compact graph of suitable
rank.

2. If G is obtained from a group G’ by an extension of a centralizer and Y =
K(G',1), then given an essential closed curve d : S — Y representing
a generator of Cg/(g') and a coordinate circle d_ : S* —s T, where T is
a torus, take
X=Yu([-1,1]xSHuT,

identifying (+1,0) € [-1,1] x S* with 01 ().

Remark 9. Associated to each ICE space X is a graph of spaces decomposition
whose vertices are Y and T and edges are circles.

Definition 10. A group G is an H-GICFE group if it is obtained from H by
a series of free products with free groups and extensions of centralizers. Here,
GICE stands for generalized iterated centralizer extension.

If H is a non-abelian limit group, then any H-GICE group and its subgroups
containing H are fully residually H, see, for example [16]. Therefore, Theorem
implies Theorem

Definition 11. Let each of the following spaces have a chosen basepoint, and
suppose that the maps are basepoint preserving. Let p : (B’,b') — (B,b) be a
covering map. Let 0 : (A,a) — (B,b) be a map, where A is a connected complex
(in our case A will be a loop). Let x: (A’,a’) — (A, a) be the smallest cover of
(A, a) such that the map ¢ o k has a lift 6'. We call §' : (4’,ad') — (B’,V') the
elevation of 9.

Two elevations ;" : 41" — B’ and 8y’ : Ay’ — B’ are isomorphic if there
exists a homeomorphism ¢ : A;" — Ay’ covering the identity map on A, such
that §;" = 85 o ¢.

For more information on elevations we refer to [22, Section 2].

Definition 12. Let X and X’ be graphs of spaces (X’ is not assumed to be
connected). A pre-covering is a locally injective map X’ — X that maps
vertex spaces and edge spaces of X’ to vertex spaces and edge spaces of X
respectively and restricts to a covering on each vertex space and each edge
space. Furthermore, for each edge space €’ of X’ mapping to an edge space e of
X, the diagram of edge maps

@\
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is required to commute. The domain X’ is called a pre-cover.



Definition 13. ([22, Definition 3.1]) Let X be a complex, X' — X be a
covering, and

[::{51':01'—>X}

be a finite collection of independent, essential loops. The cover X’ is said to be
tame over L if the following holds: let A C X’ be a finite subcomplex and

L'={0;:C; — X'}

be a finite collection of pairwise non-isomorphic infinite degree elevations, each
of which is an elevation of some loop in £. Then for all sufficiently large positive
integers d there exists an intermediate finite-sheeted covering

X —X—X
such that
1. each 5;» descends to some degree d elevation 5}

2. the J; are pairwise non-isomorphic,

3. A embeds into X, and

4. there exists a retraction p : m(X) — 71 (X’) such that

(054 (m1(Cy))) C 8}.(m(C)))
for each j.

Remark. We will also say a covering X’ — X is tame over a given set of finite
independent, essential loops whenever its domain X' is.

Notice, that covers of tori are tame over coordinate circles, see [22] Lemma
3.3].

Definition 14. The cover X' is strongly tame over L if it is tame over L
and 71(X) is a (m1(X’) * F)-GICE group, where F is a free group with basis
{05 (m1(C5))}-

Definition 15. A group G is said to admit a local GICFE structure if for each
finitely generated subgroup H < G and a finite set of elements g; ¢ H one

can construct a finite-index subgroup K containing H and not containing these
elements such that K is a H-GICE group.

3 Proof of Theorems [1},

We will follow the construction in [22] changing it a couple of times to prove
a theorem similar to [22, Theorem 3.8]. One difference is that we will use



induction on the number of steps in chain while [22] Theorem 3.8] is proved
by induction on the number of steps in chain .

Let X be an ICE space constructed by gluing several tori 71, ..., T} to a simpler
ICE space Y with edge spaces being loops. Let H C m1(X) be a finitely gener-
ated subgroup and X — X be the corresponding covering. Then X inherits
a graph of spaces decomposition, with vertex spaces the connected components
of the pre-images of the vertex spaces of X and edge spaces and maps given
by all the (isomorphism classes of) elevations of the edge maps to the vertex
spaces of XH. Let X’ C X¥ be a core of X¥. A core is a connected sub-
graph of spaces with finite underlying graph such that the inclusion map is a
71-isomorphism. Since H is finitely generated, a core exists. Let A ¢ X be a
finite subcomplex. Enlarging X' if necessary we can assume A C X'.

Replacing the tameness hypothesis in [22] Proposition 3.4] by strong tameness,
we have the following.

Proposition 16. (Passing to finite-sheeted pre-covers) Let X be an ICE space
constructed by gluing several tori Ty, ..., Ty to a simpler ICE space Y with edge
spaces being loops, Let X' — X be a pre-covering with finite underlying graph.
Every vertex space V' of X' covers some vertex space V of X. Assume that each
Y’ is strongly tame over the set of edge maps incident at Y. Let A C X' be a
finite subcomplex. Then there is a finite-sheeted intermediate pre-covering

X 5X->5X
such that

1. A embeds into X; and
2. m(X) is a m(X')-GICE group.

Proof. Let Ay be a finite complex that contains A and all the compact edge
spaces of X'. Let V'’ be a vertex space of X’ covering the vertex V of X. Set
Ay =V N Ap and consider the edge maps 0, : e; — V' of edges e; incident at
V' that are infinite-degree elevations of 94 : e — V. Since each V' is tame over
the set of edge maps incident at V' and each Y is strongly tame over the set of
edge maps incident at Y, for all sufficiently large d there exists a an intermediate
finite-sheeted covering
ViV -V
such that

1. Ay embeds into V,

2. each 9] descends to some degree d elevation 0; of ..

If d is large enough, we can take it to be the same d over all vertex spaces of
X'. Let X be the graph of spaces with the same underlying graph as X’, but



with the corresponding V in place of V. If ¢’ is an edge space of X’ then the
edge map
Or:e =V’

descends to a finite-degree map d+ : éx+ — V. Because é4 — ¢ and é_ — e
are coverings of e with the same degree, we have a finite-sheeted pre-cover X.
By construction, A embeds into X. Since the compact edge spaces are added
to A, non-isomorphic finite degree elevations are mapped into non-isomorphic
elevations. This implies that 71(X) decomposes as a graph of groups, with the
same underlying graph as the decomposition of w1 (X").

Consider a non-abelian vertex group m1 (V') of m1(X) (this means V =Y.
To obtain 71 (V) we first take 71 (V") = 71 (V') % F, the free product with cyclic
groups corresponding to elevations of degree d obtained from infinite degree
elevations of edge maps, and then by a series of extensions of centralizers and
free products with free groups. A cyclic fundamental group of an elevation of
degree d obtained from an infinite degree elevation of an edge map extends the
abelian fundamental group of an infinite cover of some torus T;. On the group
level this corresponds to the extension of the centralizer of an abelian free factor
of m1(X’) (and, therefore, extension of a centralizer of 71 (X’) itself, because the
extending element is in the free factor F' of 71 (V') * F. So, to obtain 7 (X)
we first extend centralizers of m1(X') corresponding to abelian free factors. We
also extend centralizers of all m;(7"), where T" covers some T} so that all T’s
become finite covers. Denote by X’ the pre-cover that is obtained from X’ by
replacing the covers of tori by finite covers as above and replacing V' by V”
for each V that is not a torus. Second, we notice that the free constructions
that were applied to each 71 (V') x F to obtain 7 (V'), for V’ covering the vertex
V =Y, can be thought as applied to the whole group 71 (X"). Replacing each

V" by V for covers V' of the non-abelian vertex group V =Y we obtain X. [

Lemma 17. ([22, Lemma 3.5] Let T be a torus and 6 : S* — T be an essential
loop.  Then for every positive integer d there exists a finite-sheeted covering
Ty — T so that § has a single elevation 6 to Ty and § is of degree d.

Lemma 18. (¢f [2Z, Lemma 3.6]) Let Y be a space such that m1(Y) has local
GICE structure and § : S* — Y be a based essential loop. Then for every
positive integer d there exists a finite-sheeted covering Yy, =Y so that § has an
elevation 6 of degree d to Yy and m,(Yy) is an (5)-GICE group.

Proof. Because 71(Y’) has local GICE structure, for every positive integer d
there exists a finite-sheeted covering Y; — Y so that Yy — Y is a (6%)-GICE
group. Note that 6% ¢ ’/Tl(f/d) for 0 < k < d, therefore § is an elevation of degree
d. O

Proposition 19. (¢f [22, Proposition 3.7])(Completing a finite-sheeted pre-
cover to a cover) Let X be an ICE space constructed by gluing together tori
Ti,..., Ty and a simpler ICE space Y, as above. Assume that m1(Y) admits a
local GICE structure. Let X — X be a finite-sheeted connected pre-covering.



Then there exists an inclusion X < X extending X — X to a covering XX

such that m(X) is a m (X) — GICE group.

Proof. Follows the proof of [22, Proposition 3.7]. The addition of copies of T; 4
correspond to extensions of centralizers. The addition of Yy’s correspond by
Lemma [I8] to taking a free product with infinite cyclic group and then a GICE
over the obtained group. Indeed, 71(Y") has a local GICE-structure, therefore
Y, is C — GICE group, where C is a cyclic group generated by the boundary
element. O

A collection of elements gi,...,g, of a group G is called independent if
whenever there exists h € G such that g/ and g; commute, then, in fact, i = j.

Proposition 20. (cf [22, Proposition 3.8]) Let X be an ICE space constructed
by gluing together tori Ty, ..., Ty and a simpler ICE space Y. Let H < m(X)
be a finitely generated subgroup and let X — X be the corresponding covering.
Suppose L is a (possible empty) set of hyperbolic loops that generate mazimal
cyclic subgroups of w1 (X). Then XH is strongly tame over L.

Proof. The proof is an induction on the length of the chain . Notice, that the
induction basis holds by [22, Corollary 1.8]. Indeed, if H is a finitely generated
subgroup of 7 (X), where X is a graph, then the cover X is strongly tame over
the set of independent elements {7;} such that each generate a maximal cyclic
subgroup, because it is tame and for a finite-sheeted intermediate covering

X7 5 X 5 X
7T1(X) = H x F, where F is a free group.

Fix a finitely generated non-abelian subgroup H C 7;(X), and let X# — X
be the corresponding covering. There exists a core X’ C X, Let A ¢ XH be
a finite subcomplex. Enlarging X’ if necessary we can assume A C X', infinite
degree elevations of hyperbolic loops {d;} are first restricted to elevations {&;'}
and then made disparate. This is possible by [22) Lemma 2.24] without changing
the fundamental group.

As in the proof of [22] Theorem 3.8], X’ is extended to a pre-cover X where
elevations {4;'} are extended to full elevations &; : D; — X of degree d by [22]

Lemma 2.23]. By [22, Lemma 2.23], 711 (X) = 71 (X') F, where F'is a free group
generated by 71(di«(D;))’s. Enlarging A again we assume that the images of
the 6; are contained in A.

By Proposition [16] there exists an intermediate finite-sheeted pre-covering
X5 X X,

into which A injects. Since A injects into X we have that Sj descends to an

elevation 0; = 5j.

Finally, X can be extended to a finite sheeted covering X+ by Proposition
L9



We have that A injects into X*. By Proposition m(X1) is a m (X)-
GICE group. By Proposition m1(X) is a m (X)-GICE group. And m (X) =
m1(X’) % F. Therefore, by transitivity, 71 (XT) is a m1(X’) *+ F-GICE group.
Since H = m1(X’), the proposition is proved. O

Theorem 1] follows from the proposition (with the empty set £). Since every
limit group is a subgroup of an ICE-group by [15], Corollary [2| follows from
Theorem[l] If H is non-abelian, then H-GICE groups are fully residually H and
subgroups of fully residually H groups that contain H are also fully residually
H. Therefore Theorem [ follows from Theorem [Il

Example 1. Let us illustrate the proof of Theorem [3| with an example when L
is just an extension of a centralizer of a free group. Consider the group

L= F(avb) *(a) <aatv |[aa t] = 1>7
where F(a,b) is a free group, a subgroup
H= <a2,b2> *(a2> <a2> *(a2> <a2t,b2t>

and g = A = b ¢ H. Let us construct a finite-index subgroup K such that
H<K,b¢ K and K is an H-GICE group.

In Fig. [I| we show the space X such that L = m1(X). Here X is a graph
of spaces with one edge and two vertices. The loops labelled by a and ¢ are
generating loops of the torus T with a fundamental group (a,t, |[a,t] = 1) and
the bouquet of loops labelled by a and b has a fundamental group F(a,b). A
pre-cover X' corresponding to H is a pre-cover with the finite graph. It is
a graph of spaces with two edges and three vertices, H = m1(X’). The space
corresponding to the vertex in the middle is the cylinder that is an infinite cover
of the torus T. The other two vertex spaces are infinite covers of the bouquet
of loops.



Figure 1: ICE space X and a pre-cover X’ with a finite graph

In Fig. we make X’ into a finite-sheeted pre-cover X as it is done in
Proposition The space X has the same underlying graph as X', but the
vertex spaces are now finite covers of the vertex spaces of X. The torus with
the fundamental group generated by a?, ¢ is a cover of T of degree 4. Two other
vertex spaces are graphs that are covers of degree 3 of the bouquet of loops in
X. We have

71(X) = (a?,b%, a " ba, b ab) *(q2) (a®,1?) *(a2) (a®,0* t~ra " bat, t b tabt).

We have that 7 (X) is obtained from H by taking a free product with (a~'ba, b~ 'ab)
and (t~'a"'bat,t~ b~ 'abt) and then extending the centralizer of a® by t*. There
are two hanging elevations of the loop labelled by a in X. They both have degree

1.

10



Figure 2: Finite-sheeted pre-cover X

Figure [3| shows a finite cover X of X. It is obtaiinef from X by attaching two
tori 77 to the hanging elevations of the loop labelled by a (as in Proposition
. Then K = 7, (X) is obtained from ; (X) by extending centralizers of b~ab
(by b=1tb) and of t=tb~tabt (by t~1b=tbt). Therefore K is an H-GICE group,
b ¢ K. Notice that [L : K] = 6.

Figure 3: Finite cover X

Example 2 (Figures Now with the same L we take
H = <a2,b2) *<a2) <a2> *<a2> <a2t, b2t> * <tba>

and g = A = b & H. In this example we will have an edge in X’ corresponding

to an infinite degree elevation of the loop labelled by a. Then 71(X) is obtained
from H by the following chain: H < H;, where

Hy, = (H,a", t*|[a"*,t"] = 1,[a%,t}] = 1),

Hy < m(X), where

7T1(X) — Hl * <at7ab_1a,b3a7bat’abt>’

11



where the last group is freely generated by the five given elements. So, to obtain
pi1(X) from H we used two centralizer extensions and then a free product with
a free group. To obtain K = m1(X) from pii(X) we make three centralizer

extensions, as Figure [f] shows and obtain s finite cover of X of degree 8.

Figure 4: Pre-cover X' with finite graph

Vit it w
e 2o
A%
A .
%
ge 9l ~ b
tg A 2 Ay
b\ V"A' \’ b A
/ 7
b

Figure 5: Finite sheeted pre-cover X
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Figure 6: Finite cover X
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Remark 21. Theorem [3|is also true when L is abelian, therefore, free abelian.

Proof. We take a basis a1, ...a, of L such that H has a basis alfl e ,a’j”. Let

Mn

— a1
g=ai'...a,

If m; is not divisible by k; for some ¢ = 1,...,r, then we take K generated
by a/fl, coyafrany, ... ap,. If each m; is divisible by k; for i = 1,...,7, then
some of m,y1,...,my is non-zero, because g € H. Suppose m,, # 0. Then take
K generated by a¥', ... ak a,yq, ... a7t

O

Remark 22. In the case when H is abelian and L is non-abelian a finite-index
subgroup of L cannot be fully residually H. In this case there exists x € L such
that g ¢ Hy = (H,z) = H x (x).

Proof. Take some = € L such that [h,z] # 1 for h € H. Then for any h € H,
elements h,z generate a free subgroup. Therefore Hy = (H,z) = H * (x). If
g & Hy, then we found z. If g € Hy, then g can be uniquely written as

g= hixr .. .hkaT,
where hq,...,h, are elements in H, all, except maybe hy non-trivial. Let k be
a positive number that is larger than all |ki|,...,|k.|. Then g & Hy = (H,z¥)
and we can take z* instead of x. O

4 Proof of Theorem {4l

Definition 23. [10] Let G be a finitely generated group and H a finitely gen-
erated subgroup of G. For a complex affine algebraic group G and any repre-
sentation pg € Hom(G, G), we have the closed affine subvariety

R, 1(G,G)={p€ Hom(G,G) : po(h) = p(h) for all h € H}

The representation pg is said to strongly distinguish H in G if there exist rep-
resentations p, p’ € R, (G, G) such that p(g) # p'(g) for all g € G — H.

If L is a closed surface group or a free group, then Theorem (4 follows from [10]
Theorem1.1]. Suppose L is not a surface group and not an abelian group. Let G
be a complex affine algebraic group. By the following lemma, it is sufficient to
construct a faithful representation p € Hom(L, G) that strongly distinguishes
Hin L.

Lemma 24. [10, Lemma 3.1] Let G be a finitely generated group, G a complex
algebraic group, and H a finitely generated subgroup of G. If H is strong distin-
guished by a representation p € Hom(G, G), then there exists a representation
0: G — G x G such that o(G) N o(H) = o(H), where o(H) is the Zariski
closure of o(H) in G x G.

14



Proposition 25. Let L be a limit group and H a non-abelian finitely generated
subgroup. There exist a finite-index subgroup K < L and a faithful representa-
tion p, : K — G that strongly distinguishes H in K.

Proof. By Theorem [3] there exists a finite-index subgroup K of L such that K is
fully residually H. Let p be a faithful representation of H in G. We order balls
B; of radius t in the Cayley graph of K and finite sets S; = B;N (K — H). Since
we have a discriminating family of H-homomorphisms from K to H, we can
construct for any ¢ € N representations p; and p} in Hom(K, G) that coincide on
H, distinguish all elements in Sy, and map B; monomorphically. Selecting a non-
principal ultrafilter w € N, we have two associated ultraproduct representations
Puws P, K — G (see [I0, Proof of Lemma 3.2]). These representations are
faithful because each B; is mapped monomorphically on a co-finite set of j € N
and for any g € K — H, pu(g) # ,(9)- 0

Let us prove the first statement of Theorem {4} The proof of [I0, Theorem 1.1]
shows that it is sufficient to have a representation of K that strongly distin-
guishes H. Indeed, like in [10, Corollary 3.3], we can construct a representation
®: K — GL(2,C) x GL(2,C) such that ®(g) € Diag(GL(2,C)) if and only if
g € H. Setting dg = [G : K], we have the induced representation

Indg®(®) : G — GL(2dg,C) x GL(2dg,C).

Recall, that when @ is represented by the action on the vector space V and G =
U!_,9: K, then the induced representation acts on the disjoint union LI!_,g;V as
follows

929:v; = £g;) ®(ki)vi,

where gg; = g;(i)ki, for k; € K. Taking p = IndKG(<I>), it follows from the

construction of p and definition of induction that p(g) € (p(H)) if and only if
g € H. If we set p = py, then Theorem [4] is proved.

5 Proof of Corollary

Given a complex algebraic group G < GL(n, C), there exist polynomials P, ..., P, €
C[X; ;] such that

G:G(C):V(Pl,...7PT):{XGC"Z \Pk(X)zo,k:L...,r}

We refer to the polynomials P, ..., P, as defining polynomials for G. We will
say that G is K—defined for a subfield K C C if there exists defining polynomials
Py,...,P. € KX, ;] for G. For a complex affine algebraic subgroup H < G <
GL(n,C), we will pick the defining polynomials for H to contain a defining set
for G as a subset. Specifically, we have polynomials P, ..., Prg, Pra41, - Pry
such that

G=V(P,....,P,) and H=V (P,..., P, (3)

el » 4+ TH
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If G is defined over a number field K with associated ring of integers O,
we can find polynomials Pi,..., P, € Ok [X; ;] as a defining set by clearing
denominators. For instance, in the case when K = Q and Ok = Z, these are
multivariable integer polynomials.

For a fixed finite set X = {z1,...,z;} with associated free group F(X) and any
group G, the set of homomorphisms from F(X) to G, denoted by Hom (F (X),G),
can be identified with G* = G x...xGy. For any point (g1,...,9:) € G, we have
an associated homomorphism (g, . 4,y @ F (X) — G given by (g, 4,) (xi) =
g;. For any word w € F(X), we have a function Eval,, : Hom(F(X),G) — G
defined by Evaly (¢(g,,....,))(w) = w(g1,...,g:). For a finitely presented group
I, we fix a finite presentation {y1,...,7: | r1,...,7re), where X = {~1,..., %}
generates I' as a monoid and {ry,...,rv} is a finite set of relations. If G is
a complex affine algebraic subgroup of Gl,(n,C), the set Hom(I', G) of ho-
momorphisms p : ' — G can be identified with an affine subvariety of G*.
Specifically,

Hom(I',G) = {(g1,...,9:) € G' |7 (g1,-..,9:) = I, for all j} (4)

If T is finitely generated, Hom(T', G) is an affine algebraic variety by the Hilbert
Basis Theorem.

The set Hom(I',G) also has a topology induced by the analytic topology on
G". There is a Zariski open subset of Hom(T', G) that is smooth in the this
topology called the smooth locus, and the functions Eval,, : Hom(T',G) — G
are analytic on the smooth locus. For any subset S € G and representation

p € Hom(T', G), p(S) will denote the Zariski closure of p(S) in G.

Lemma 26. ([10, Lemma 5.1]) Let G < GL (n,C) be a Q-algebraic group,
L < G be a finitely generated subgroup, and A < G be a Q-algebraic subgroup.
Then, H = L N A is closed in the profinite topology.

Proof. Given g € L — H, we need a homomorphism ¢ : L — @ such that |Q| <
oo and ¢ (g) ¢ ¢ (H). We first select polynomials Pi, ..., Prg, ..., Pry € C[X ;]
satisfying (3)). Since G and A are Q-defined, we can select P; € O, [X; ;] for
some number field Ky/Q. We fix a finite set {l1,...,l,,} that generates L as
a monoid. In order to distinguish between elements of L as an abstract group
and the explicit elements in G, we set [ = M; € G for each [ € L. In particular,
we have a representation given by pg : L — G given by po(l;) = M;,. We set

K, to be the field generated over K by the set of matrix entries {(Mt)” L
It is straightforward to see that K is independent of the choice of the ée’rjl—
erating set for L. Since L is finitely generated, the field K has finite tran-
scendence degree over Q and so K, is isomorphic to a field of the form K(T)
where K/Q is a number field and T' = {T1,...,Ty} is a transcendental basis
(See [10]). For each, M;,, we have (M;,);; = F;;+(T) € Kr. In particu-
lar, we can view the (i,j)—entry of the matrix M;, as a rational function in
d variables with coefficients in some number field K. Taking the ring gener-

ated over Ok, by the set {(Mlt)ij} , Ry, is obtained from Ok, [T4,...,T4)
’ NI

ti
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by inverting a finite number of integers and polynomials. Any ring homomor-
phism R; — R induces a group homomorphism GL(n, R;,) — GL(n, R), and
since L < GL(n,Ry), we obtain L — GL(n,R) . If g € L — H then there
exists rq < jg < ra such that Q, = P}, ((Ml)1,17"'7<Ml)n,n) # 0. Using
Lemma 2.1 in [6], we have a ring homomorphism ¢ : R, — R with |R| < oo
such that ¥r(Qg) # 0. Setting, pr : GL(n, Ry) — GL(n, R) we assert that
pr(g) ¢ pr(H). To see this, set M, = pgr(n) for each n € L, and note that
YR(Pj(My)11;s- s My)nn)) = Pi(My)11,- -, (My)nn) - For each h € H, we
know that P;, (M) ;) = 0 and so P;((My)11,...,(My)nn) =0 . However,
by selection of ¥ g, we know that ¥r(Q,) # 0 and so pr(g) ¢ pr(H) . O

Theorem [4] and Lemma, [26] imply Corollary

Proof. Since H < L is finitely generated, by Theorem [ there is a faithful
representation
PH : L — GL(TL,(C)

such that pg(H) N pg(L) = pg(H). We can construct the representation in
Theorem so that G = pg(L) and A = py(H) are both Q-defined. So, by
Lemma we can separate H in L. Next, we quantify the separability of H in
L. Toward that end, we need to bound the order of the ring R in the proof of
Lemma [26] in terms of the word length of the element g. Lemma 2.1 from [6]
bounds the size of R in terms of the coefficient size and degree of the polynomial
Qg It follows from a discussion on pp 412-413 of [6] that the coefficients and
degree can be bounded in terms of the word length of g, and that the coefficients
and degrees of the polynomials P;. Because the P; are independent of the word
g, there exists a constant Ny such that |R| < ||g||™° . By construction, the group

@ we seek is a subgroup of GL(n, R). Thus, |Q] < \R|”2 < Hg||N°n2. Taking
N = Nyn? completes the proof.
O

6 The Hanna Neumann conjecture for hyper-
bolic limit groups

Y. Antolin and A. Jaikin-Zapirain proved in [I] the geometric Hanna Neumann

conjecture for surface groups and formulated the Geometric Hanna Neumann

conjecture for limit groups [I, Conjecture 1]as follows. Let G be a limit group.
Then for every two finitely generated subgroups U and W of G

SeernaywX(U NaWa™h) < x(U)x(W)
Here for a virtually FL-group I" we define its Euler characteristic as

x(T) = ﬁE;’io(fl)idim@HZv(Fo,(@),
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where Ty is an FL-subgroup of T' of finite index. And x(T') = max{0,—x(T)}.
Observe that for a non-trivial finitely generated free group T', x(T') = d(T") — 1,
where d(T") is the number of generators, for a surface group T' we have ¥ (T') =
d(T') — 2. By a surface group we mean the fundamental group of a compact
closed surface of negative Euler characteristic. Notice that by [1] limit groups
are FL-groups. Notice also that for hyperbolic limit groups dimgH;(I'g, Q) =0
for i > 2.

In this section we will prove the conjecture for hyperbolic limit groups.

The notion of L2-independence was introduced in [I]. The group G is L*-
Hall, if for every finitely generated subgroup H of G, there exists a subgroup
K of G of finite index containing H such that H is L?-independent in K. Let
G be a hyperbolic limit group. By [I, Theorem 1.3], if G satisfies the L2-Hall
property, then the geometric Hanna Neumann conjecture holds for G.

As explained in [I, Lemma 4.1] and the comment after the lemma, since
the limit groups satisfy the strong Atiyah conjecture, if G is a limit group and
H < K subgroups in G, then H is L?-independent in K if the correstriction
map

cor Hl(H; DQ[G}) — Hl(K; DQ[G})

is injective. Here Dg|g) denote the Linnell division ring.

Lemma 27. Let G be a limit group and H < K subgroups of G. Assume
that there an abelian subgroup B of G such that K = (H,B) = H %4 B, where
A= HnNB. Then the correstriction map cor : Hy(H;Dgja)) — Hi(K;Dyjq))
1S injective.

Proof. By [8, Theorem2(2)], we obtain the exact sequence
Hy(4; Doja)) ") Hy (H; Doje)) & Hi(B; Dyiy) =" Hy(K; Dojc)-

Since A is abelian, Hy(A; Dgjg)) = 0. Indeed, the division ring generated by
Q[A] inside Dgjg is isomorphic to the field of fractions R of Q[A], and so Dg¢
is also an R-vector space. Thus, Dgq is flat as a Q[A]-module. In particular,
H1 (A, DQ[G]) =0.

So the correstriction map

H,(H;Dyjg)) — H1(K;Dgja))

is injective.

Corollary 28. A limit group is L?-Hall.

Proof. Let G be an ICE- group and H a finitely generated subgroup of G. Then
by Theorem [I] there exists a finite chain of groups H = Ko < ... < K, = K
with K of finite index in G, where K, is either K; *Z or K, is an extension
of a centralizer of K;. By Lemma [27] the correstriction maps

Hy(Ki; Dyjay) — Hi(Kit1; Dojay)

18



are injective. Hence H is L?-independent in K. Now, let H < L < G, then
H will be L?independent in L N K because the composition of correstrictions
maps is correstriction. Thus L is L?-Hall. O

Therefore we obtain the following theorem.
Theorem 29. The geometric Hanna Neumann conjecture is true for hyperbolic

limat groups.
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