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MARGULIS MULTIVERSE: INFINITESIMAL RIGIDITY,
PRESSURE FORM AND CONVEXITY

SOURAV GHOSH

ABSTRACT. In this article we construct the pressure forms on the mod-
uli spaces of higher dimensional Margulis spacetimes without cusps and
study their properties. We show that the Margulis spacetimes are in-
finitesimally determined by their marked Margulis invariant spectra. We
use this fact to show that the restrictions of the pressure form give Rie-
mannian metrics on the constant entropy sections of the quotient moduli
space. We also show that constant entropy sections of the moduli space
with fixed linear parts bound convex domains.
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2 SOURAV GHOSH

INTRODUCTION

The goal of this article is to understand the geometry of the moduli space
of Margulis spacetimes. Margulis spacetimes are examples of proper affine
actions of free groups. The study of proper affine actions stems from the clas-
sification results of Bieberbach [Bielll [Biel2] for Euclidean crystallographic
groups (i.e. subgroups of O(m) x R™ which act properly discontinuously,
freely and cocompactly on R™) (for more details see [Frolll [Aus65, Bus85]).
Biebarbach’s results show that Euclidean crystallographic groups are virtu-
ally abelian. Later, in [Aus64] Auslander attempted at a proof that affine
crystallographic groups (i.e. subgroups of GL(m) x R™ which act properly
discontinuously, freely and cocompactly on R") are virtually solvable. The
proof turned out to be incomplete and the statement was rechristened as
the Auslander conjecture. The conjecture is still open but it has been shown
to hold true for the three dimensional case by Fried-Goldman [FG83] and
for dimension less than 7 by Abels-Margulis—Soifer [AMS12]. Moreover, in
[Mil77] Milnor wondered if the cocompactness assumption in the Auslan-
der conjecture could be dropped. Answering Milnor’s question, Margulis
[Mar83, [Mar84] showed that if the cocompactness assumption is dropped
from the Auslander conjecture then the conjecture no longer holds true. In
particular, he showed the existence of proper affine actions of non-abelian
free groups on R3. He used the north-south dynamics of Schottky actions to
prove the existence of such actions. These examples were a surprise to the
community due to the counter intuitiveness of its actions. An interesting
property of proper affine actions observed by Fried—Goldman [FG83| states
that the Zariski closure of the linear part of such an action necessarily lies
in some conjugate of SO(2,1). Later, Drumm [Dru93] classified the linear
parts of such actions on R3. He showed that any free finitely generated dis-
crete subgroup of SOy(2,1) admits affine deformations which act properly
on R3. In this article, we will only be interested in the case where the linear
parts of the non-abelian free subgroups of the affine group, which give rise
to proper actions, do not contain any parabolic elements.

These proper actions admit very interesting fundamental domains. In
[Dru92] Drumm constructed explicit fundamental domains for a large class
of them whose boundary consists of the so called crooked planes. Recently,
it was shown by Charrette-Drumm-Goldman [CDG15| for the case of two
generator Fuchsian groups and by Danciger-Guéritaud—Kassel [DGK16] for
the general case that any such proper affine action admits a fundamental
domain bounded by crooked planes.

The construction of proper affine actions due to Margulis was later gener-
alized by Abels—Margulis—Soifer [AMS02]. Let Q be a non-degenerate qua-
dratic form on T := R?"*! of signature (n+1,n) and let H := SOq(n +1,n)
be the connected component containing identity of its isometry group. They
showed, using a proximality argument, that for odd n the group G:=Hx T
admits non-abelian free subgroups which act properly discontinuously and
freely on T and for even n the group G does not admit any such sub-
groups. Subsequently but out of completely different motivations, Labourie
[Lab06] came up with the notion of an Anosov representation. Further-
more, it was realized by Guichard-Wienhard in [GW12], that the notion
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MARGULIS MULTIVERSE 3

of an Anosov representation is closely related with the notion of proximal-
ity used in J[AMS95, [AMS02]. It follows that the examples constructed by
Abels—Margulis—Soifer have Anosov linear parts. In this article we gener-
alize the results of [Ghol§| and construct the pressure form on the moduli
space of such proper actions and study its properties.

Let I" be a word hyperbolic group and let P be the stabilizer of a maximal
isotropic plane under the linear action of Hon T. Let p : I' — G be an injec-
tive homomorphism. We denote its linear part by L, and its translational
part by u, ie. L, :T' = H u, : ' = Tand p = (Ly,u,) € Hx T = G.
We say p is a Margulis spacetime if and only if its linear part L, is P-
Anosov (see subsection for the definition) in H and p(I") acts properly
on T. We denote the space of P-Anosov, Zariski dense representations in H
whose conjugacy classes are also smooth points of the representation vari-
ety Hom(I',H)/H by Homa(I',H). We denote the space of representations
p: I' = G whose linear part is Homa (I, H) by Homa(T', G). In this article,
we only consider Margulis spacetimes p € Homa(T', G) and denote the space
of such Margulis spacetimes by Homp(I', G). The natural projection map
L : Homa(I',G) — Homa(I',H) which takes a representation to its linear
part endows (Homa(T', G),Homa(I',H), L) with a vector bundle structure.
We observe that G acts on Homp(I', G) via conjugation and define

M(T, G) := Hompm (T, G)/G.

We note that M(I', G) can be empty. If I is free, that happens if and only
if n is even. We assume from now on that I' and G are such that M(T', G) is
non-empty.

In [Mar83, [Mar84] Margulis also introduced the notion of a Margulis in-
variant to detect proper affine actions. Suppose g = (h,u) € G=H x T is
such that h is pseudo-hyperbolic. Then h has a one dimensional eigenspace of
unit eigenvalue. Hence there are exactly two eigenvectors of unit eigenvalue
and unit norm. One can consistently choose one of these two eigenvectors
for all pseudo-hyperbolic elements such that certain orientation convention
is preserved and define the Margulis invariant a(g) as the length of the
projection of u in the direction of this eigenvector (for more details please
see Definition . Margulis showed that the Margulis invariant spectrum
of a Margulis spacetime cannot change sign and conjectured that the con-
verse is also true. A slightly modified version of the converse was proved
in the Fuchsian case by Goldman-Labourie-Margulis [GLM09] and in the
general case by Ghosh—Treib [GT17]. They used a diffused version of the
Margulis invariant, called the Labourie-Margulis invariant, first introduced
by Labourie in [Lab01] and showed that a representation in Homa(T', G) is
a Margulis spacetime if and only if its Labourie-Margulis invariant is non-
vanishing.

In this article, we use this result and the stability of Anosov representa-
tions from [Lab06, [GW12] to prove the following;:

Proposition 0.1. Suppose M(T', G) is the space of all Margulis space times
as defined above. Then M(T',G) is an open subset of the character variety
and it is a fibered space. Moreover, each fiber is a disjoint union of two open
convex cones in some vector space which differ by a sign.
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4 SOURAV GHOSH

Furthermore, we use the non-vanishing Labourie-Margulis invariant of a
Margulis spacetime, the Anosov structure on its linear part and the theory of
thermodynamic formalism developed by Bowen, Ruelle, Parry and Pollicott
to show that the growth rate of the number of closed orbits whose Margulis
invariants are less than some variable is exponential in that variable. In
fact, we also show that the Labourie-Margulis invariant varies analytically
over the moduli space of Margulis spacetimes. Suppose p € Homy (T, G) and
let O denote the set of periodic orbits of the Gromov flow space (please see
Remark [L.8). We denote, Ry(p) := {7 € O | a(p(7)) < T} and consider the

following limit,
) 1
hy = lim = log|[Rr(p)|-

Also, for p; € Homa(I', G) we consider

| 1 ap, ()
I(p,p1) = lim ——— )
(p, p1) T—oo |R7(p)] «,e%(ﬂ) (%)

In fact, we prove the following:

Lemma 0.1. Suppose p € Homy (I, G) and p1 € Homa(I',G). Then h, and
I(p, p1) exist and are finite. Moreover, h, is positive and the maps h,I are
analytic.

Now applying the theory of thermodynamic formalism for the analytic
maps h and I, we define a pressure form on the quotient moduli space.
Suppose {p;}ter € Hompm(T', G) is an analytic one parameter family such
that po = p and U(y) = %L‘/:O pe(7)p(y)~t for all v € T. Let g denote the
Lie algebra of G. We observe that [U] € H/kdop(F,g) = T M(T, G) (please
see Remark and define

By

d2
pr (U, 0] 3= G| 51

) I(p, pr)

Moreover, we show that:

Proposition 0.2. The map pr: TM(I',G) x TM(T', G) — R is well defined
and it defines a positive semi-definite bilinear form. Moreover, if

d

& hpt == 0,

t=0
then pri, ([U], [U]) = 0 implies [U] =0 € deop(lj,g) = T M(T,G).

In fact, while characterizing the norm zero vectors of the pressure form in
Proposition[0.2] we use an infinitesimal marked Margulis invariant spectrum
rigidity result for Margulis spacetimes. Indeed, we introduce a new algebraic
expression for the Margulis invariants involving adjugates of the linear parts.
Let gl(2n + 1,R) be the space of all (2n + 1) x (2n + 1) matrices, let a(g)
be the Margulis invariant of any g = (h,u) € G = H x T whose linear part h
is pseudo-hyperbolic and let adj(h) be the adjugate of h € gl(2n + 1,R) (for
more details please see Definition also see Section 0.8.2 of [HJ13]).
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MARGULIS MULTIVERSE 5

Lemma 0.2. Suppose g = (h,u) € Hx T = G with h pseudo-hyperbolic.
Then the square of the Margulis invariant can be written as a rational func-
tion in g as follows:
adj({ — h)|ju | u
(o adi = mlu | )
Tr[adj(I — h)]

Suppose (g, G) € GXagg and {g;}4e(—1,1) € G is an analytic one parameter

family such that G = %‘ +=0 gtg~'. We assume that the respective linear

parts of g; are pseudo-hyperbolic. Then we define
d
T dt o a(ge)-

We use the algebraic property of the Margulis invariant and a modified
version of the Margulis type argument for marked length spectrum rigidity,
to prove the following result:

a(g, Q) :

Theorem 0.1. Suppose (p,U) € Hom(I', Gx aqg) such that p € Homp (T, G).
Then there exists G € g such that U(y) = Ad(p(7))(G) — G for all v € T if
and only if for all v € T" the following holds:

a(p(7),U(v)) = 0.

The above Theorem is an infinitesimal version of the marked Margulis
invariant spectrum rigidity results obtained by Drumm-Goldman [DGO1],
Charette-Drumm [CDO04] and Kim [Kim05]. They proved that the marked
Margulis invariant spectrum of a Margulis spacetime uniquely determines
the Margulis spacetime up to conjugacy.

Finally, we use Proposition and observe that the constant entropy sec-
tions play a very important role in the study of the geometry of the quotient
moduli space. Hence, in the last part of our article we study the constant
entropy sections in more detail. We call sections of the quotient moduli
space with constant entropy k to be the Margulis multiverse of entropy k
and denote them repectively by M(I", G);. We show that,

Lemma 0.3. Suppose M(T', G)j. are the constant entropy sections of M(T', G).
Then M(T, G), is an analytic submanifold of M(T', G) of codimension one and

M(T, G)1 = {(Lp, h(p)up) | p € M(T, G)}.

Moreover, we combine Lemma and Proposition to obtain the fol-
lowing result describing the pressure form:

Theorem 0.2. Suppose M(T', G);, are the constant entropy sections of M(T, G).
Then the restriction of the pressure form

pr: TM(I',G)r, x TM(I', G) = R
is a Riemannian metric for all k > 0 and the pressure form on M(T',G) is

positive semi-definite with rank dim(M(T",G)) — 1.

In fact, we give a description of the degenerate direction of the pressure
form too. Lastly, we conclude our article by showing a convexity result for
the Margulis multiverses. We show that the constant entropy sections with
fixed linear part bound a convex domain.
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6 SOURAV GHOSH

Theorem 0.3. Suppose o € Homa(T',H) and up,u; : T' — T are such that
(0,u0), (0,u1) € Homu(T',G) with h(p,up) = k = h(o,u1). Then for all
t € (0,1) the representations (o, (1 — t)ug + tu1) € Homm(T',G) and the
following holds:

h(o, (1 —t)ug + tuy) < k.

Similar convexity results of this nature but in different contexts were
obtained by Quint in [Qui02] and by Sambarino in [SamIi4al.
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1. PRELIMINARIES

In this section we give an overview of the theory of Thermodynamic for-
malism, Anosov representations and Margulis spacetimes. Our overview will
be minimal and will only state results which play an essential role in proving
the results of this article.

1.1. Thermodynamic formalism. In this subsection we provide a brief
overview of the theory of thermodynamic formalism. Thermodynamic for-
malism is the study of dynamical systems using intuition coming from Ther-
modynamics of Physics. It was developed by Bowen, Parry—Pollicott, Polli-
cott, Ruelle and others. In Section |3 we will use this theory to define and
study a quadratic form pr on M(T', G), called the pressure form.

Defintion 1.1. Suppose X is a metric space along with a flow ¢. Then
¢ is called topologically transitive if and only if given any two open sets
U,V C X, there exists t € R such that ¢.(U) NV is non-empty.

Defintion 1.2. A lamination £ on X is a partition of X such that there
exist two topological spaces Uy, Us and for all p € X there exist an open
set Op and a homeomorphism h,, := (hzl,, hIQ,) : Op — Uy x Uy satisfying the
following properties:
1. For all z,w € O, N Og: hl(z) = hy(w) if and only if h}(z) = h}(w),
2. pLq if and only if there exist {p;}]", with pop = p and p, = ¢ such
that piy1 € Op, and h), (p;) = h), (piy1) for all 4.
Defintion 1.3. Suppose X is a compact metric space along with a flow ¢.

Then ¢ is called metric Anosov if and only if there exist two laminations £*
satisfying the following properties:

1. The laminations £ and £~ are transverse to the flow lines,
2. Both (£7,£1°) and (L1, £7°) define a local product structure, where
for all x € X,

E:vo i= Uperd £, and 55’0 = Uter: L,

3. L1 (respectively £7) is contracted by the flow (respectively by the
inverse flow).
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MARGULIS MULTIVERSE 7

Remark 1.1. We note that the above property of a flow on a compact metric
space was first introduced under the name Smale flow by Pollicott in [Pol87].
Later, these flows were adapted in [BCLSI5|] under the name metric Anosov
flows, to study projective Anosov representations. In this article, we use the
definition given in [BCLSI5].

Defintion 1.4. Let X be a compact metric space along with a Holder
continuous flow ¢ which has no fixed points and let f,g : X — R be two
Hoélder continuous functions. Then f and g are called LivSic cohomologous
if and only if there exists a Holder continuous function h : X — R which is
differentiable along flow lines of ¢ and the following holds:

0
—g= = h .
f—y ot|,_, o ¢y
Defintion 1.5. Suppose f : X — R is a Holder continuous function then
the Livsic cohomology class [f] is called positive (respectively negative) if
and only if there exists a Holder continuous function g : X — R such that
g > 0 (respectively g < 0) and [f] = [g].

Now we define what is called the topological pressure. In order to do that,
we define the notion of a (T, €) separated set: given e, T > 0 we call a subset
S C X to be (T,¢) separated if and only if for all p,q € S with p # ¢ there
exists t € [0, T] such that d(¢¢p, prq) > €. Let f: X — R be a continuous
function. We define:

T
Z(f,T,€) :==sup Zexp {/0 f(d),gp)dt] | S is (T, €)-separated

peS

and
- 1
P(¢, f) := lim limsup — log Z(f,T,¢).
e—0 71 T

— 00
Defintion 1.6. Suppose (X,d) is a compact metric space, ¢ is a metric
Anosov flow on X and suppose f : X — R is a continuous function. Then
P(¢, f) does not depend on the metric d up to inducing the same topology
and it is called the topological pressure of f with respect to the flow ¢. The

topological pressure of the zero function is called the topological entropy of
the flow ¢ and denoted by hiop(@), i€, hiop(¢) := P(¢,0).

Remark 1.2. Remark 15 on page 209 of [Wal82] and the discussion in the
paragraph just above Theorem 5 in [Pol87] imply that the above limit is
well defined. Moreover, Proposition 1 of [Pol87], Remark 9 on page 166,
Theorem 7.8 on page 174 and Corollary 7.11.1 on page 177 of [Wal82] imply
that htop(¢) is non-negative and finite.

The topological pressure defined above satisfies a variational principle
which plays a central role in the theory of thermodynamic formalism. Let
B be the Borel sigma algebra of X and let u be a Borel probability measure
on X which is invariant under ¢. Moreover, let § be the set of all finite
measurable partitions of X and for Dy, D, € §, let

D1V Dy := {Dl,i N Dg,j ‘ Dl,i € Dy, DQ’I‘ € DQ}.
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8 SOURAV GHOSH

We consider the unit time flow T := ¢; and for any finite measurable par-
tition D € §, denote D,y = DV T DV ... vT "D, We define the
measure theoretic entropy of T with respect to u as follows:

BT, p) = sup [ m 3 [_MDWgM(D)]
Pes \""™ pepy, "

Remark 1.3. Due to Abramov’s Theorem [Abr59] we can use the unit time
flow to define the measure theoretic entropy of ¢ i.e. h(¢, ) == h(T, p).

Theorem 1.1 (Bowen—Ruelle, Pollicott). Suppose ¢ is a topologically tran-
sitive metric Anosov flow on the compact metric space X and let M? be the
space of p-invariant Borel probability measures on X and suppose f : X — R
is any continuous function. Then the measure theoretic entropy and the
topological pressure satisfy the following variational formula:

PWJUZSW)(M@#%+/f@O.

ueM?

Remark 1.4. Theorems 5 and 6 of [Pol87] (see also Section 7.28 of [Rue04])
imply that in Theorem if f is Holder continuous then there exists a
unique measure fis ¢ such that

P(6, f) = h(é, piong) + / Fdpgs.

The measure ji4 ¢ is called the equilibrium state of f with respect to ¢. The
equillibrium state of the zero function with respect to ¢ is called the measure
of mazimal entropy of ¢ and is denoted by p, i.e.

K¢ = He,0-
Please see Chapter 9 (in particular Theorems 9.7 and 9.8) of [Wal82] for

more properties of pressure and equilibrium state.

Defintion 1.7. Let f : X — R be a positive Hélder continuous function
and for all x € X, t € R, let Bf(x,t) be such that

ﬁf(x7t)
/0 f(psz)ds = t.

Then the flow ¢/ such that qb{(x) = g (at) (z) is called the reparametriza-
tion of the flow ¢ by the function f. Moreover, if ¢ is a topologically
transitive metric Anosov flow and f,s is the measure of maximal entropy
for the reparametrized flow, then for any continuous function g : X — R,
the following quantity

g
I(f,9) :Z/fdu¢f
is called the intersection of f with g.

Remark 1.5. Similar concepts to the function I defined above have been
previously studied in the literature, for example by Bonahon [Bon88] in the
context of the Teichmiiller space and was later studied in [BCLS15, [Bur93]
and [Kni95].
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MARGULIS MULTIVERSE 9

We now list a few important properties of entropy, intersection and pres-
sure which will play a central role in our article.

Lemma 1.1 (Sambarino [Sam14b](Lemma 2.4)). Suppose ¢ is a Hélder
continuous flow on the compact metric space X and f : X — R is a positive
Holder continuous function. Then

P(¢,—hf) =0 if and only if h = hop(d').

We denote the set of periodic orbits of ¢ inside X by O and for any a € O
we denote its period by p(a). Moreover, for any real valued continuous
function f on X and for any =z € a € O, we use the following notation:

/a fim /O " fpu)ds

Theorem 1.2 (Livsic [Liv72]). Suppose ¢ is a topologically transitive metric
Anosov flow on a compact metric space X and let f : X — R be a Hélder
continuous function. Then
fr=r
a

for all a € O if and only if f is Livsic cohomologous to zero.

If f is a positive Holder continuous function on X and K € R, then

Ric(f) = {a6(9|p /f }

We denote the cardinality of Ry (f) by |Rx(f

Theorem 1.3 (BridgemanfCanarnyabouriefSambarino[BCLSl5]). Sup-
pose ¢ is a topologically transitive metric Anosov flow on a compact metric
space X. Then for any real valued Holder continuous function f on X with
f >0 and any real valued continuous functz’on g on X we have

If.9) = m o |RK Z

Theorem 1.4 (Bowen, Ruelle and Parrnyollicott). Suppose ¢ is a topo-
logically transitive metric Anosov flow on a compact metric space X. Then

1. for any real valued Hélder continuous function f on X with f > 0, the
topological entropy of ¢ is finite and positive. Moreover, it satisfies
the following identity:

1
f = 1 —_
htop(¢ ) Aim - log |[Ri (£)],

2. for any real valued Hélder continuous function g on X we have

1
P(¢,g) = lim —=log S @19

aERK(l)

3. the functions h, P and I vary analytically over the variables f and g.

Remark 1.6. The above result has been stitched together from results ap-
pearing in the following works: [Bow72, BR75|, [Pol87, [PP90, Rue04].
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10 SOURAV GHOSH

Suppose f, g are two Holder continuous functions such that [ gdue, s = 0.
Then the variance of g with respect to f is defined as

2

V(g pg.g) := lim - (/OKg(gbsw)dS) dpg,f ().

K—oco K

Proposition 1.1 (Parry—Pollicott[PP90], Ruelle[Rue04]). Suppose f,g are
two Holder continuous functions on a compact metric space X which admits

a metric Anosov flow ¢. Then
= / gdpg. ;-
t=0

OP(¢, f +tg)
ot

Moreover, the following holds:
1. If [ gdpe,s =0, then

?P(, f + tg)

9% =V (g, 1g,1)-

t=0

2. If V(g, pg,f) = 0, then g is Livsic cohomologous to zero.

We consider the set of pressure zero Holder continuous functions

Po(X) :={f | P(¢, f) = 0}

and its tangent space at f € Py(X), denoted by T;Py(X). Using Proposi-
tion [L.1] we obtain that

TiPy(X) = {9 | /gdu¢,f = 0}.

Defintion 1.8. Suppose X is a compact metric space with a metric Anosov
flow ¢. Suppose Py(X) is the space of pressure zero Holder continuous
functions on X. Then for any f € Py(X), the pressure form on T;Py(X)
is a bilinear map pr; : TyPy(X) x TyPy(X) — R such that

[ fdue s

Remark 1.7. The existence of the pressure form on representation varieties
was shown in [BCLSI5)], using Propositions 4.10-4.12 of [PP90], Corollary
7.12 of [Rue04] and Equation 1.5 (Section 1.4) of [McMO08]. In fact, the pres-
sure form made its first appearance in a similar context in [McMO08]. Building
upon previous works of Bowen—Series [BS79] and Bridgeman—Taylor [BT0§],
McMullen showed its existence on the space of LivSic cohomology classes of
pressure zero Holder continuous functions on a shift space.

pre(g,9) ==

We end this section with the following useful result:

Proposition 1.2 (see Section 3 of [BCLS15]). Let {fi}ie(—1,1) be a one pa-
rameter family of positive Holder continuous functions on a compact metric
space X which admits a metric Anosov flow ¢. Then

htop <¢ft>l(f07 ft) = htop <¢f0)
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MARGULIS MULTIVERSE 11

with equality if and only if hop (qbfo)fo is Livsic cohomologous to hiep (gbft)ft.
Moreover, for g = %|t=0;

82 htop (gbf )

prfo(g,g) = 92 o m—’(fmft) = 0.

1.2. Anosov representations. In this subsection we define Anosov repre-
sentations and state some of their properties. The study of Anosov represen-
tations was introduced in [Lab06] by Labourie to study Hitchin Representa-
tions in SL(n,R). Later, in [GW10L (GW12] the notion of an Anosov repre-
sentation was extended to include representations of a word hyperbolic group
into any semisimple Lie group. These initial definitions of an Anosov rep-
resentation were dynamical in nature and closely resembled Axiom A flows
appearing in the dynamical systems literature. Characterizations of Anosov
representations in terms of more algebraic criteria made their appearance in
a series of works by Kapovich-Leeb-Porti [KLP14, [KLP17, [KLP18§]. Subse-
quently, alternate proofs of more dynamical flavour of the Kapovich—Leeb—
Porti characterization of Anosov representations were obtained by Bochi—
Potrie-Sambarino in [BPS16]. In this article we will use the dynamical
definition of an Anosov representation given in [GW12].

In order to define Anosov representations we first need to define the Gro-
mov flow space which plays a central role in the theory of Anosov represen-
tations. Suppose I is a word hyperbolic group and let d,I" be its boundary.
We consider the diagonal action of I' on

O5T'?) = 0,7 X 8D\ {(2,2) | 2 € OseT}

coming from the action of I' on 0o I'. Furthermore, let 95T @ xR be denoted
by Upl’ and for all (z,%) € 0-I'® and s,t € R let

¢r + Ugl' — UgD
(@, y,8) = (2,9, s +1).

Remark 1.8. In [Gro87] Gromov proved that there exists a proper cocompact
action of I' on Upl" which commutes with the the flow {¢ };cg and which lifts
the diagonal action of T' on 9,,I'® (For more details see [Cha94], [Min035]).
Moreover, there exists a metric d on UAOI/“ well defined only up to Holder
equivalence satisfying the following properties:

1. the I' action on Ugl is isometric,
2. the flow ¢, acts by Lipschitz homeomorphisms,
3. every orbit of the flow {¢;}:cr gives a quasi-isometric embedding.

The quotient space UT' := T"'\UgI" is called the Gromov flow space and by
Lemma 2.3 of [GT17] (UT',d) is a compact connected metric space. More-
over, UI" admits a partition of unity (see Section 8.2 of [GT17]). We use this
flow space to give the dynamical definition of an Anosov representation.

Remark 1.9. Let N be a compact negatively curved manifold and suppose I’
is the fundamental group of N, then the flow space Ugl" can be seen as the
unit tangent bundle of N endowed with the geodesic flow.
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12 SOURAV GHOSH

Defintion 1.9. Let H be a semisimple Lie group, let P be a pair of opposite
parabolic subgroups of H, let Py := Py N P_ and suppose I' is a word
hyperbolic group. Then an injective homomorphism p : I' — H is called
Anosov with respect to P if and only if the following holds:

1. there exist continuous, injective, p(I')-equivariant maps
€51 05T — H/Py
such that &(p) ::A(g:(p,),g“‘(m)) € H/Pyg C H/P_ x H/P for any
p=(p-p+,t) € Ul
2. there exist positive real numbers C, k and a continuous collection of
Euclidean norms || - ||, on T¢(p,) (H/Pg) for p € Upl" such that
° Hp(’y)vin,yp = |lv* ||, for all vt e Tex(pyy(H/Px) and v € T,
o [v5|gpp < Ce¥ ||, for all vE € Tex(,, )H/P+ and ¢ > 0.
The map £ is called a limit map of the Anosov representation p.

A fundamental feature of Anosov representations is that it is an open
condition i.e given any p € Hom(T', H) satisfying Definition for some op-
posite parabolic subgroups P4, there exists a neighborhood of p consisting
only of representations satisfying Definition for the same P1 (for more
details see Proposition 2.1 of [Lab06] and Theorem 5.13 of [GW12]). More-
over, by Proposition 2.5 of [GW10] Anosov representations admit a unique
limit map and by Theorem 6.1 of [BCLS15] the limit maps vary analytically
with the representation.

Remark 1.10. Suppose I' is a word hyperbolic group which admits an Anosov
representation in H with respect to P1. Then using Proposition 4.3 of
[GW12] and Propositions 4.2, 5.1 of [BCLSI5| we obtain that UI' admits
a topologically transitive metric Anosov flow . The flow v is a Holder
reparametrization of the flow ¢.

1.3. Margulis spacetimes and the Margulis invariant. In this sub-
section we state some known results in the theory of Margulis spacetimes
which will be important for us to provide a context for the main results of
this article and to prove them.

Convention 1.10. Let I denote the k x k identity matrix and let (|) be
the quadratic form on R?"*! whose corresponding matrix with respect to
the standard basis (eq, eg, ..., €2,+1) has the form:

[0
o[t

We denote the connected component of the group of linear transformations
preserving (|) by SOg(n+1,n). In order to simplify our notation, we hence-
forth denote SOg(n + 1,n) x R2"*! by G, SOg(n + 1,n) by H, R?"*! by T
and we denote their corresponding Lie algebras by g, b, t respectively. We
recall that H is characterized by the property that it preserves orientation
on the spaces spanned respectively by (e1,...,e,) and (ény1,...,ea,41) (for
more details see Lemma 6 of [O’N83]). We call the standard orientation
on the aforementioned spaces to be positive. Hence, we can consistently
endow any maximal isotropic space (dimension n) with positive orientation
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MARGULIS MULTIVERSE 13

and any null space (space orthogonal to a maximal isotropic space) with
positive orientation.

Now we define the notion of a Margulis spacetime as follows:

Defintion 1.11. Suppose I' is a word hyperbolic group and suppose p :
I' = G is an injective homomorphism whose Linear part L, is Anosov with
respect to P1. Then p is called a Margulis spacetime if and only if p(T") acts
properly on R?"*1,

Remark 1.11. Although our definition of a Margulis spacetime includes a
continuum of examples of proper affine actions [AMS02, [GLMO09, [GT17],
yet it does not cover all known proper affine actions. Indeed, due to a result
of Drumm [Dru93] the linear part of a proper affine action on R? can contain
parabolic elements. Also, more general proper affine actions have recently
been found by Smilga in [Smil6, [Smil§| and by Danciger—Guéritaud—Kassel
in [DGK18], which are not necessarily covered by our definition.

While showing the existence of proper affine actions of a non-abelian free
group on R3, Margulis introduced an invariant and used it effectively to
gauge properness of an affine action. Later, in [AMS02] this invariant was
extended and defined in the case of G to show existence of proper affine
actions on R?"*1. We call this invariant the Margulis invariant.

Defintion 1.12. Let h € H be a pseudo-hyperbolic element (i.e. the unit
eigenspace of h is one dimensional and h does not have —1 as an eigenvalue)
and let
VI = {v]| lim hF*y =0} c R¥"H1,
k—oo

We note that Vih are maximal isotropic subspaces and let v(’} be the unique
unit eigenvector of A which is positively oriented with respect to the positive
orientations on Vfr‘ and its orthogonal. Then for any g = (h,u) € G=HxT
with h pseudo-hyperbolic, the Margulis invariant of ¢ is defined as follows:
h
a(g) := (u | vg).
Remark 1.12. We recall the following facts:
1. for all pseudo-hyperbolic element h € H we have vghoh_l = hvg,
2. for all pseudo-hyperbolic element h € H and u,v € T we have
a(h,u+v) = a(h,u) + alh,v),

3. for all gg € G whose linear part is pseudo-hyperbolic and for all g € G
we have

a(ggog™t) = <u + hug — hhoh™tu | vghoh_1>
= (u+ huo — hhoh™"u | huf)
= (h™"u+ g — hoh™Mu | 00 )

= <u0 | vg°> = a(go).

In the following we give a reformulation of the Margulis invariant, which
is in tune with the notion of an Anosov representation.
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14 SOURAV GHOSH

Convention 1.13. We fix the following two maximal isotropic subspaces:
Vi :=Span({e; tepti4i |i=1,...,n}),
and note that their orthogonals are the following null subspaces:

(Vi)™ :=Span({e; + enqrti | i =1,...,n} U{ens1}),

which are transverse to each other. There exist exactly two vectors of unit
norm in (Vi) N (V_)t. We denote the one which is positively oriented
with respect to the positive orientations on V. and its orthogonal by wvy.
Furthermore, suppose P respectively are the stabilizers of (Vi)' in H with
Po := P, NP_ and suppose Q. respectively are the stabilizers of (Vi)+ in
G with Qo :=Q+ NQ_.

Suppose V, W are two transverse null spaces. We can choose u € VW,
a basis (v1,...,v,) of V& and for j € {1,...,n} we can choose w; € W
such that (w; | v;) = 1. We note that a sign change in v; results in a
sign change in w; too. Then up to a sign change in u and vy, we obtain
that there exists h € H such that he,11 = u, h(ej + ept145) = v; and
h(ej — ent14;) = w; for all j € {1,...,n}. In particular, h(V})t = V
and h(V_)t = W, i.e. the diagonal action of H on the space of tuples of
transverse null spaces is transitive. Hence, we get an identification of H/Pg
as a subspace of (H/P_) x (H/P4).

Defintion 1.14. Suppose H, Py and vg are as in Convention We define
the neutral map as

v:H/Py — R¥"H!
gPo — guo,

and note that this is well defined due to Lemma 4.1 of [GT17].
Remark 1.13. Suppose p : I' = G is an injective homomorphism whose linear
part L, is Anosov with respect to P-. Suppose 1, : UgI' — H/Py is the limit
map of L, and suppose v is the neutral map. We define v, := v o §, and
observe that v, is invariant under the flow ¢. Hence, by abuse of notation
we get a map

vy 05D 5 R2HL,

We recall that v+ € O, 1" are respectively the attracting and repelling fixed
points of the action of v on 9, I' and observe that

(gi(%[))J_ = {v | lim Lp(rijk)v = 0} )

k—00

Moreover, v,(v—,7+) is the unique eigenvector with unit norm and eigen-
value 1 such that v,(y—,v4) is positively oriented with respect to the positive
orientations on (fzp (74))* and {Zp (7+). Hence,

L + L
Vp('}/—7')’+) _ Uop(V) and (gli,p ('Y:l:)) — Vip('Y).
It follows that the Margulis invariant of p(vy) for any v € T\ {e} is
a(p(7)) = (up(7) [ Vo (7= 74))-
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MARGULIS MULTIVERSE 15

In Section [2| we will show that the Margulis invariants are algebraic and
using this fact, we will show that the Margulis invariant spectrum is in-
finitesimally rigid.

Remark 1.14. Henceforth, we will only consider Margulis spacetimes whose
linear parts are Zariski dense in H. The Zariski density assumption will play
a crucial role in the proof of infinitesimal rigidity. The existence of such
Margulis spacetimes are guaranteed by [AMS02].

1.4. The moduli space and the Labourie—Margulis invariant. In this
subsection we will define the moduli space of Margulis spacetimes and state
some of its properties.

Remark 1.15. Suppose I is a hyperbolic group, let Homa (T, H) be the space
of all injective homomorphisms of I' into H which are Zariski dense, smooth
points of the representation variety and Anosov with respect to P. We also
recall that T = R?"*!1. Moreover, for ¢ € Homa(I',H) let us consider the
following spaces:

1. the space of o-cocycles
Zy(T,T) == {u:T = T [u(yn) = e(v)u(n) +u(y)},
2. the space of g-coboundaries
1 o 1
BL(I,T) = {v—o(-)v | ve T} € ZL(D, T),
3. the space of group cohomology
Hy(D,T) == Z,(I', T)/B,(I, T).

Let Homa (T, G) € Hom(T', G) be the space of all representations p whose
linear parts L, € Homa(I',H). We observe that Homa(I', G) is a vector
bundle over Homa(I',H) and the fiber over o € Homa(T',H) is the vector
space Zé(F,T). As Homa(T',H) is open inside Hom(I', H), we obtain that
Homa (T, G) is open inside Hom(I',G). We consider the conjugation action
of G on Homa(T', G) and observe that it induces a conjugation action of H
on Homa (T, H). We define

AT, G) := Homa (', G)/G and A(I',H) := Homa (', H) /H.
It follows that A(T", G) again fibers over A(T', H) and the fiber of A(T", G) over
[o] € A(T',H) can be identified with H(I, T).

Moreover, let Homp(I',G) € Homa(I',G) be the space of all Margulis
spacetimes. Suppose p € Homa(I', G) and g € G. We observe that p(I") acts
properly on T if and only if gp(I')g~! acts properly on T i.e. Homy (T, G) is
invariant under the conjugation action of G. We define

M(T, G) := Homm(T', G)/G.

Now we will give an alternative characterization of Homy(I', G) to study
its properties. In order to do that we will use the notion of a Labourie—
Margulis invariant. This invariant is a Liv8ic cohomology class of Holder
continuous functions.

Defintion 1.15. Suppose p € Homa(T', G), suppose ¢ is the flow on UT" as
mentioned in Subsection and let ¢(y) be the period of the periodic orbit
of ¢ in UT" corresponding to v € I'. Then the Livsic cohomology class [f,] of
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16 SOURAV GHOSH

a Holder continuous function f, : UI' — R is called the Labourie-Margulis
invariant if and only if for all non-torsion element v € I' the following holds:

[ o =3

where f1, is the ¢-invariant probability measure supported on the periodic
orbit corresponding to +.

Remark 1.16. We note that the existence of the Labourie-Margulis invariant
is guaranteed by Lemma 7.2 of Ghosh-Treib [GT17] and its uniqueness is
guaranteed by Livsic’s Theorem [Liv72].

Goldman-Labourie-Margulis [GLM09] used this invariant and showed the
following result:

Theorem 1.5. Suppose I' is a free group and suppose p : I' = G is an
injective homomorphism such that L, is Fuchsian. Then p gives rise to a
Margulis spacetime if and only if its Labourie—Margulis invariant is either
positive or negative.

This result was later generalized by Ghosh—Treib [GT17] for general word
hyperbolic groups I' and p € Homa(T', G).

Theorem 1.6. Suppose I' is a word hyperbolic group and suppose p : I' — G
is an injective homomorphism such that L, € Homa(I',H). Then p gives
rise to a Margulis spacetime if and only if its Labourie—Margulis invariant
1s either positive or negative.

1.5. Regularity of Labourie-Margulis invariants. In this subsection
we show that the Labourie-Margulis invariant of a Margulis spacetime varies
analytically over the moduli space. Later, we will use this fact to define a
quadratic form on the moduli space.

Suppose I' is a word hyperbolic group, U is the Gromov flow space and

1) is as in Remark |1 - Suppose 7 : Ugl' — UI is the natural projection
map and

o : Homa(T', G) x Uol — R?"+1

is a map which is smooth along flow lines of {1s}scr. We denote
(Vur)o.p) = | ol

Lemma 1.2. Suppose I is a word hyperbolic group. Then there exists
o : Homa(T', G) x Uol' — R2H!

such that the following holds:

1. o is smooth along the flow lines of {1s}ser,

2. 0 and Vyo are Holder continuous in the variable p € UAOT,
3. 0 and Vyo are analytic along the variable p,
4

. 0 and Vyo are equivariant i.e. for ally € I' and p € UAOT‘,
a(p,vp) = p(7v)o(p,p);
Vo (p,7p) = Lp(7)Vyo(p, p).
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MARGULIS MULTIVERSE 17

Proof. We recall that any point p € UAof‘ is of the form p = (p_,p4,tp) for

some unique p+ € OI' and ¢, € R. Let d be a I' invariant metric on Upl’
such that (UT',d) is a Gromov flow space. We consider,

Vi(pﬂ 6) = {q ‘ d((‘]—ap+atp)7p) < 6}7

VE(p,e) :={q | d((p-,q+.tp),p) < €},

VO(p,€) :={q | d((p—,p+.tq),p) < €},
(

and define V(p,€) :== V= (p,e) N V¥ (p,e) N VO(p,e). We call such a neigh-
borhood of p an open cube. As UI' is compact, there exist small open cubes
{V;}k_| such that UE_ 7(V;) = UT. Hence Uyer UF_; 4V; = Ugl'. We know
from Section 8.2 of [GT17] that there exist maps

{fi: UT - RT}E,

with Supp(f;) C w(V;) such that the functions f; are Holder continuous and
smooth along flow lines with Zle fi = 1 and their derivatives along flow
lines are also Holder continuous. We use this to construct the map

o : Homa (T, G) x ljaf‘ — R?HL

Let us fix v € R?"*1. We observe that for any p € I'V; there exists a unique
Yp,i such that ~,;p € V;. Note that in such a situation ~,,;n = 7p;. For

p € I'V; we define o;(p,p) := p(7,.:) " to.

Now for any p € Ugl" we define:
k

a(p.p) =Y _ fi(x(p))oi(p.p).
i=1
We check that these maps are equivariant. Indeed, as

k

k
ao(vp) = Y _ fi(m(vp))in(vp) = > fi(m(p))p(ypa) v
=1

i=1

k
= filx®)plypay ) o
=1

k
= i@ )p(Mp(p) o =D film(p)p(7)0ip(p)
=1 ]

As f; is Holder continuous and smooth along flow lines for all i € {1,...,k},
it follows from our construction that the map o is Hoélder continuous in the
variable p and analytic in the variable p.

Moreover, we observe that for any p € UgI" there exists s, > 0 such that
for all real number s with |s| < s, we have: p € 4V} if and only if ¢sp € 1V;.
Hence by uniqueness we get v,; = Vy.p: for all s with |s| < s,. We recall
that f; were chosen so that the derivative of f; along flow lines is also Holder
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18 SOURAV GHOSH

continuous. Also, the derivative of f; along flow lines is zero outside V; for
all i € {1,...,k}. Hence, we obtain

d
(V¢0)(p,p) = % OZfz wsp Op, 1(1/1519)
s=U =1

= i Zfz wsp ’szp,i)ilv
ds|,_ 0=
brd

= ( fi(ﬂ(l/}sp))) P(1p.i) M,
= \ds =

and it follows that Vo is analytic in the variable p and Holder continuous
in the variable p. Finally, we observe that:

d d
(Vyo)(p,vp) = ds| _ (p7 vsyp) = oo o(p.sp)
s=0
d d
= s p(Malp,sp) = Lp(7) - Szoa(p,wsp)
= Ly(7)(Vy0)(p,p)
and our result follows. O

We recall that O denote the set of periodic orbits of ¢ inside UI'. Fur-
thermore, we denote the period of the periodic orbit of 1 inside UI" corre-
sponding to v by £(vy). We establish the following Corollary which shows
that the Labourie-Margulis invariant defined in [GT17] varies analytically
with respect to the representation.

Corollary 1.1. Suppose p € Homa(I',G). Then there exists a Hélder con-
tinuous function f, : UI' = R such that f, varies analytically in the variable
p and satisfies the following equation for all v € O:

7 ('Y)
A”‘aw

Proof. Suppose o, is as in Lemma and let f, : UI' = R be such that
fo(p) == (Vyo,(p) | vp(p))

)
for all p € UT'. We fix a point py 1= (v—,74,0) € UOI‘ and observe that
Ye(y)Py = YPy- Moreover, we have o,(vp,) = p(v)o,(py) and

() ()
Up(d’f(fy)pw) - Up(pv) = /0 dap(wtpv) = /0 pr(wtpv)dt

Hence, we compute and deduce that

ap(7) = (up(7) [ vp(v=,74)) = (p(V)ap(Dy) = () | V(7= 74))

£(7)
::/ (Vo0p@t0y) | Vo1 72)) /Lo
0

Finally, we use Theorem 6.1 of [BCLSI5] and Lemma [1.2) to conclude that
fp : UI' = R is a Holder continuous function which varies analytically in the
variable p. O
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MARGULIS MULTIVERSE 19

Lemma 1.3. Suppose o € Homa(T',H) and u,v € Zé(I‘,T). Then for any
a,b € R the following holds:

[f(g,au-‘rbv)] = a[f(g,u)] + b[f(g,’u)]‘
Proof. The result follows from Remark (2) and Theorem O

Remark 1.17. Suppose ¢ € Homa(T',H) and u,v € Zé(F,T) are such that
[fo)] = [f(ow)]- Then ay ) (7) = @) (7) for all v € I'. Now using results
obtained by Drumm-Goldman [DGO01], Charette-Drumm [CD04] and Kim
[Kim05] about marked Margulis invariant spectrum rigidity, we obtain that
(0,u) and (p,v) are conjugates of each other.

Proposition 1.3. Suppose o € Homa(T',H) is such that Hi,(F,T) admits
Margulis spacetimes. Then the space of Margulis spacetimes in Hé(F, T) have
two connected components which are open convexr cones. These components
differ by a sign change and the intersection of their closures consists of
representations whose Margulis invariant spectrum is identically zero.

Proof. We observe that the space of positive Holder functions is an open
cone. Hence, our result follows using Lemmas and Theorem O

2. INFINITESIMAL RIGIDITY

In [DGO1] Drumm-Goldman showed that any two Margulis spacetimes of
dimension three have distinct marked Margulis invariant spectrum. Later,
this result was generalized for higher dimensions by Kim in [Kim05]. In
this section we prove an infinitesimal version of their result. We show that
Margulis spacetimes are infinitesimally determined by their marked Margulis
invariant spectra. For three dimensional Margulis spacetimes this result
follows from |[Ghol8]. The techniques used in |[Ghol8§] to prove this result are
not suitable for higher dimensions. Hence, in this article we use a Margulis
type argument to achieve our goal. We show that the square of the Margulis
invariant of an element is an algebraic function of that element and use it
carefully to conclude our result.

2.1. Algebraicity of Margulis invariants. In this subsection we show
that the Margulis invariant of an element depends algebraically on the repre-
sentation. This algebraic dependence will be used in the subsequent sections
to prove infinitesimal rigidity of Margulis spacetimes.

Suppose gl(2n + 1,R) is the space of all (2n + 1) x (2n + 1) matrices, let
H € gl(2n + 1,R) and let x g (t) denote the characteristic polynomial of H,
ie.

X (t) :=det(t] — H).
We observe that the degree of the characteristic polynomial is 2n + 1 and
the coefficients of the characteristic polynomial are copy1(H) =1, con(H) =
~Tr(H) and copq1-k(H) = (=) Tr(A*H) for k > 2, i.e.
2n+1
xu(t) = cx(H)*.
k=0
In particular, co(H) = (—1)?" 1 Tr(A2"*1H) = — det(H). Hence, the coeffi-
cients of x g (t) are symmetric polynomials obtained from the entries of H.

This is a pre-publication version of this article, which may differ from the final published version. Copyright restrictions may apply.

14 Nov 2022 00:39:27 PST GeomTopol+Log
200720-Ghosh Version 4 - Submitted to Trans. Amer. Math. Soc.



20 SOURAV GHOSH

Moreover, by the Cayley-Hamilton theorem (proved by Frobenius in [Fro77])
we know that

Defintion 2.1. Suppose H € gl(2n + 1,R). Then the adjugate of H is

defined as follows:
2n+1

adj(H) == Y cp(H)H* .
k=1
Remark 2.1. Note that Hadj(H) = adj(H)H = xu(H) — co(H) = det(H)I.
Lemma 2.1. The square of the map « can be written as a rational function
in g = (h,u) as follows:
adj(I — h)|u | u
alg)? = ({adj(Z — h)Ju | u)
Tr[adj(I — h)]
Proof. As h is pseudo-hyperbolic, 0 is an eigenvalue of (I — h) with no
multiplicity. In particular, we obtain det(I — h) = 0 and hence
adj(I — h) = hadj({ — h) = adj(I — h)h.
It follows that for any v € R?"*! adj(I — h)v is an eigenvector of h with

eigenvalue 1, i.e. adj(/ — h)v is a multiple of vg for all v. Moreover, for all
w € VI we have

adj(I — h)w = lim adj(/ — h)hTFw = 0.
—00
Also, by direct computation we observe that
adj(I — h)vl = 1 (I — h)vl

where ¢1(I — h) = Tr(A2"(I — h)). As adj(I — h)v} = c1(I — h)vd and
adj(I — h)w =0 for all w € (VI & V") = (vf)L, we obtain that

c1(I —h) = Tr(adj(I — h)).
Furthermore, as (u — a(g)vl) € (vh)* we obtain that
adj(I — h)u = Tr(adj(I — h))a(g)vl.
Hence, we derive that
(adi(Z — h)u | u) = Tr(adj(I — h))a(g) (vl | u) = Tr(adi(Z — h))a(g)?
and our result follows. (]

Defintion 2.2. Suppose g: € G with g9 = g, is an analytic one parameter
family of pseudo-hyperbolic elements with

d
G=— -1 .
dt|,_, gtg €9
Then we define
a(g,G) == —|  a(gr)
dt|,_g

Corollary 2.1. Suppose g, € G is an analytic one parameter family of
pseudo-hyperbolic elements with go = g and tangent direction G € g as in
Definition . Then the function & is a rational function in the variable

(9,G).
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MARGULIS MULTIVERSE 21

Proof. We use Lemma /2.1 and obtain that for some real valued multivariate
polynomials p and g,

2 _ p(gt)
algr)” = a(ge)

Hence by taking derivative on both sides we obtain that

a(g) &|,_op(g) — pl9) &|,_, a9
q(g)?

As p and ¢ are both real valued multivariate polynomials in g, we obtain that
%} —oP(gt) and %‘ 10 4(gt) both are real valued multivariate polynomials
in (g, G). We denote them respectively by p(g, G) and ¢(g, G) to obtain:

2. o (q(9)plyg, G) —p(9)i(g,G))*
04(9) 04(97(;) = 4q(g)4 :

Finally, our result follows by computing that

. s (a(9)ply,G) — p(9)ily, G))?
a(g,G)" = 4p(9)q(9)? ‘

2a(g)a(y, G) =

O

2.2. Infinitesimal rigidity of Margulis invariants: fixed linear part.
In this subsection we will prove that the marked Margulis invariant spectrum
determines a Margulis spacetime up to conjugacy when its linear part is
kept fixed. The argument used here is like the Margulis type argument
used in [Kim05] to show global rigidity of the marked Margulis invariant
spectrum. In fact, the arguments presented in this subsection also provide an
alternate proof of global rigidity of the marked Margulis invariant spectrum
of elements in Homa(I',G) with fixed linear parts. We recall that H =
SOg(n + 1,n), T = R*F1 G = SOg(n + 1,n) x R?"*! and b, t, g are
respectively their Lie algebras.

Remark 2.2. Suppose g = (h,v) € G=HxTand G=(H,V)eg=hDt
then we recall that

Ad(9)(G) := gGg~' = (hHh ™', hV —hHh W) cg=hat.
Indeed, there exist {g: = (h¢,v) |t € (—1,1)} € G=H x T such that

d -1

G=—
dt t:ogtg

and we obtain that

% (hhih ™' v + hvg — hhyh ™) = (hRHR™' WV — hHR ™ '0).
t=0
It follows that for G’ = (H', V') € g = h & t we have
[G",G] = ([H',H],H'V — HV').

Moreover, suppose p; € Homa(I', G) is an analytic one parameter family of
representations with pg = p and for any v € I let

U(y) = &

= e

t=0
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22 SOURAV GHOSH

We observe that for all v1,7v2 € I" we have

pe(1172)p(7172)

dt ],
=<ZtﬂmmMWﬁ+Mw)

=U(y1) +Ad(p(71))U (72)-

Hence for all v € T' we obtain (p(7),U(7)) € G xaq g and it follows that
(p,U) € Hom(T', G X aq g).

Ulmmz) =

qa
dt

pwm)Mww>1
t=0

Notation 2.3. Henceforth, we use the following notations to denote various
projection maps. Let p: G xaqg — G, m: GXagg — Hxag b, 7 : G — H
and p’ : H xaq b — H be the natural projection maps. Then 7,7/, p,p’ are
homomorphisms and the following diagram commutes:

GD(Adgi>G
T lﬂ'/
L

HD(Adf)*>H.

Moreover, by abusing notation we also denote the natural projection map
from Hom(T', G xaq g) to Hom(T', G) by p and define

HomA(F, G X Ad g) = p_l (HomA(F, G)) .

We also define the following spaces:

1. the space of Ad o p-cocycles
Zpgop(Ls9) = {U :T = g | U(yn) = Ad(p(7))U (n) + U(7)},
2. the space of Ad o p-coboundaries
Bkdop(r7g) = {G —Ado p()(G) ’ G e g} - deop(r’g)a
3. the space of group cohomologies
H}-\dop(rv g) = Z}Adop(r7 g)/B,lAdop(Fa g)

Lemma 2.2. Suppose (g9,G) € G Xag g be such that g = (h,v) € HX T and
G=(0,V)ebhat. Then

a(h,v,0,V) = a(h,V).
Proof. Let {gt = (h,v+tV) |t e (-1,1)} C G=Hx T. Then

_d 1 d -1 -1,y _
G = p i 99 =5 i (hyv+tV)(h™",—h " v) = (0, V).
Finally, we have
) d d h h
alg,G)= | alg)= o (v+tV]wg)=(V|vg) =alhV).
t=0 t=0

O

Suppose p € Homa (', G) and U € Z}Adop(F, g). Then observe that (p,U) C
HomA(F, G X Ad g)
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MARGULIS MULTIVERSE 23

Lemma 2.3. Suppose U € Z}A‘dop(l“,g) is such that w((p,U)(I')) C H C
Hixaqb i.e. forallyel

Uly)=0,V(y) cg=hot
for some V(y) € t. ThenV € Zip(l“7 t) & Zle (I, T).

Proof. We use Remark and observe that for v,n € I' the following holds:

0,V (vn)) = U(yn) = p()Um)p(y) " + U(7)
= (Lp(); up(M)) (O, V() (Lo (7)™ =Lp(7) "M up(7)) + (0, V(7))
= (0, L,(mV(n) —0) + (0,V(v)) = (0, L,(v)V(n) + V(7))

Hence, V' € Zle (T',t). Moreover, we recall that T = R?"*! and it follows
that T = t. 0

Proposition 2.1. Suppose p : I' — G is a Margulis spacetime such that
L,(T) is Zariski dense in H and U € Z}\dop(F,g) with ©((p, U)(T")) C H.
Then U € Bkdop(F,g) if and only if

a(p(7),U(v)) =0
for all v eT.

Proof. We use Lemma to obtain that U = (0, V') for some V' € Zle(F, T)
and use Lemma to deduce that

a(p(7),U()) = a(Ly(v), V(7))

We first prove that if &(p(7y),U(y)) = 0forally € T then U € BlAdop(F, g).
We recall from Lemma [2.1] that o is an algebraic function on G. Hence the
Zariski closure G of (L,,V)(I') inside G = Hx T is also contained in the zero
set of a2,

Recall that the natural projection map 7’ : G — H is a homomorphism
and in the following three points we show that 7/ : G — H is, in fact, an
isomorphism.

1. (7'(G) = H): We observe that G is normalized by (L,, V)(T'). Hence,
7'(G) is normalized by L,(T"). Also, L,(I") is Zariski dense in H. Hence
7'(G) is a normal subgroup of H. But H is simple and L,(I") is not
trivial. Therefore, we obtain 7/(G) = H.

2. (GNT C T): Suppose h € H is a pseudo-hyperbolic element. We use
the definition of a Margulis invariant and observe that

a(h,of) = (vl | o) = 1 #0.

Therefore, it follows that (h,v(’}) ¢ Gie G C G. We claim that this
implies GN'T C T. Indeed, on the contrary, if G N T = T then using
point (1) we get G = G. Which is a contradiction.

3. (GNT is trivial): We recall that G is normalized by (L,, V')(I'). Hence
for any (I,v) € GNT and for any v € I" we have

(Lp(7), V)T 0)(Lp(y), V(7)) = (I, Ly(y)v) €GNT.

Moreover, L,(I") is Zariski dense in H. Hence for any (I,v) € GNT
and any h € H we obtain that (I,hv) € GNT. But the action of H
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24 SOURAV GHOSH

on T does not preserve any non-trivial proper subspaces. Hence our
claim follows from the above point (2).

Therefore, the homomorphism 7’ : G — H is an isomorphism of algebraic
groups. Let v(g) € T be such that (g,v(g)) = (7'|g) " (g) for all g € H.
As 7’ is a smooth isomorphism we get that v : H — T is a smooth map
satisfying the following property for all g, h € H:

v(gh) = gv(h) + v(g).
Hence, v induces a map, which we again denote by v, from h to t. We
compute and observe that v : h — t is a derivation i.e. for all G, H € f
v([G, H]) = Gv(H) — Hv(G)
where [,] denotes the Lie bracket of h. We use Whitehead’s Lemma (please
see end of section 1.3.1 in page 13 of [Rag07]) to conclude that v : h — tis
an inner derivation i.e. there exists some V € t such that
v(H)=HV.
We observe that vi : H — T, such that vi(h) = hV —V satisfy the equation:

vi(gh) = gvi(h) +vi(g).

Now using uniqueness of solutions of first order differential equations we
obtain that v =vq. As (L,,V)(I') C G, it follows that

V() =v(Lpy()) = Ly()V =V
for all v € I'. Hence, for all v € I" we deduce that
U(y) = (0, L,(7)V = V) = Ad(p(7))(0,V) = (0,V)
and it follows that U € Bkdop(F,g).

Now we will prove the other implication. Suppose U € B}y, p(I’, g). We
recall that U = (0,V) for some V € ZlLP(I‘,T). Hence, there exists some
v € T such that

V() = Lo(y)v —v.
Then using Lemma 2.3 we conclude that & (p(7), U(7)) = a(Ly(7), V(7)) =
0 for all v € T 0

2.3. Infinitesimal rigidity of Margulis invariants: general. Drumm-—
Goldman [DGO01] and Kim [Kim05] showed that any two points on M(T', G)
have distinct marked Margulis invariant spectrums. In this subsection we
prove an infinitesimal version of this result.

Lemma 2.4. Suppose o € Homa(T',G) and u € Zé(F,T) is a p-cocycles
which is not a p-coboundary. Then (o,u)(I") is Zariski dense inside G.

Proof. Let R be the Zariski closure of (g, u)(I') inside G. As (g, u)(I") nor-
malizes R, we obtain that o(I"), a Zariski dense subgroup of H, normalizes
7'(R). Hence 7'(R) is a normal subgroup of H. But H is simple and o(T") is
not trivial. Therefore, we obtain /(R) = H.

Now if R N T is trivial, then 7’ gives an isomorphism between R and H.
Now we use Whitehead’s Lemma to get that R is conjugate to H. Hence
Qg,u) (7) =0 for all v € T'; a contradiction as u is not a g-coboundary.
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MARGULIS MULTIVERSE 25

Therefore, there exists (I,v) € RN T with v # 0. Moreover, as RN T
is normal inside R and 7'(R) = H, we obtain that (I,hv) € RN T for all
h € H. As H does not preserve any non-trivial proper subspace of T, we
conclude that RN T =T and it follows that R = G. (]

Lemma 2.5. Suppose g € G, G € g and g = (ht,us) € G=H X T is a one
parameter family with go = g and %‘tzo 19~ = G. Then

a(g,Ad(9)(G) — G) = 0.

Proof. We use Remark (3) to obtain that a(g:gg; ') = a(g) and con-
clude by observing that

a(g,G = Ad(9)(@) = —|  alggg; )= —| alg)=0.

Theorem 2.1. Suppose p : I' = G s a Margulis spacetime with a Zarisk:
dense linear part and U € Zi\dop(f‘,g). Then U € Bkdop(F,g) if and only if

a(p(7),U(y)) =0
for ally eT.

Proof. If U € BlAdop(F, g), then there exists some G € g such that
U(7) = G —Adop()(G)
for all v € I'. Now using Lemma [2.5] we deduce that for all v € T,

a(p(7), U(7)) = a(p(7),G — Ad o p(7)(G)) = 0.

Now we show that if &(p(y),U(v)) = 0forally € I', then U € B}\dOp(F, g).
We use Corollary to get that &2 is an algebraic function on G xaq g.
Hence, the Zariski closure H of (p, U)(T") inside G xaq g is also contained in
the zero set of &2

We observe that the kernel of p : H — G, denoted by &, satisfies ¢ = gNH.
In the following four steps we show that p : H — G is an isomorphism:

1. (p(H) = G): Indeed, as p(I") C p(H), p(H) is normalized by p(I") and
p(T') is Zariski dense in G (see Lemma [2.4)), we deduce that p(H) is a
normal subgroup of G. We observe that T contains all proper normal
subgroups of G and as p is a Margulis spacetime with a Zariski dense
linear part, p(I') is not a subgroup of T. Hence p(H) is also not a
subgroup of T but p(#) is normal inside G. Therefore, we conclude
p(H) = G.

2. (¢ € g): Suppose h € H is a pseudo-hyperbolic element. We use
Lemma [2.2] and observe that

&(h,0,0,08) = a(h,vf) = (v | vf) =1 #0.

As H is a subset of the zero set of &, we obtain H C G xaq g. We
claim that this implies € C g. Indeed, on the contrary, if £ = g then
using point (1) we get H = G xXaq g, a contradiction.
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26 SOURAV GHOSH

3. (¢ C t): We observe that H is normalized by (p,U)(T"). Hence £, the
kernel of p, is normalized by p(I') and p(T") is Zariski dense in G. It
follows that ¢ is an ideal of g i.e [¢,g] C €. Also, b is simple and €Nk
is an ideal of b, hence € N b is either trivial or h. Therefore, we will
obtain £ C t once we show that €N h # h. We will show this via
contradiction. On the contrary, suppose ¢ N h = h. Using point (2)
we get that € = h + u where u C t. Moreover, [¢,g] C ¢ implies that
hu C u. Indeed, for any (H',0) € g=h +tand (H,7) € € we have

[(H',0),(H,7)] = ([H',H],H'T) € t=h +u.
We also know that H does not preserve any non-trivial proper sub-
space of T. Hence, u is trivial and € = §. This is a contradiction since
t is an ideal of g but b is not an ideal of g.

4. (1is trivial): We observe that t is an ideal of g. We also know that H
does not preserve any non-trivial proper subspace of T. Hence, either
¢ is trivial or € = t. If possible, let us assume that ¢ = t. Then p
induces an isomorphism between the two algebraic groups H/t and
G. We again denote this isomorphism by p. We also note that

H/t C (G xad9)/t =G xaq (/t).
Let v(g) € (g/t) be such that

(Ploe) " (@) = (9:¥(9)) € (H/1) € G aa (8/).
It follows that v : G — (g/t) is a smooth map satisfying
v(gh) = Ad(g)v(h) + v(g)

for all g, h € G. Hence, v induces a map, which we again denote by v,
from g to g/t. We observe that for all G, H € g,

v([G, H]) = [G,v(H)] - [H,v(G)].

Hence, v is a derivation and by Whitehead’s Lemma (please see end
of section 1.3.1 in page 13 of [Rag07]) we obtain that v is an inner
derivation i.e. there exist some ¥ € (g/t) such that

v(G) =[G, V]
for all G € g. We consider vi : G — (g/t) such that for all g € G,
vi(g) == Ad(g)(¥) — ¥
and observe that for all g,h € G we have
vi(gh) = Ad(g)vi(h) + vi(g)-

Now by uniqueness of the solutions of first order differential equations
we obtain that v = vy. It follows that

U(y) +t=Ad(p(7))(¥) — .

As U € (g/t), there exists some Hy € h such that Gy = (Hyp,0) € g =
h®tand ¥ = Gy + t. Therefore, we deduce that

U(y) +t=Ad(p(7))(Go +t) — (Go + t)
= (Ad o L,(v)(Ho) — Ho,0) +t
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We consider the conjugate representation
(p, W) := (e,Go)(p,U) (e, —=Go)
and observe that (p, W)(T') C G xaq ({0} @ t). Hence,
(e, Go)H(e,—Go) C G xaq ({0} & t).
Moreover, p(H) = G and € = t imply that
(e, Go)H(e,—Go) = G xaq ({0} & ).

Suppose h is a pseudo-hyperbolic element of H, g; = (h,0) € G and
G1 = (0,v}) € {0} @ t. Then (g91,G1) € G xaq ({0} © t) and

d(gla Gl) 7& 0.
This is a contradiction since &(H) C {0}, (e, —Go) (g1, G1)(e,Gp)) =
(91,G1 — Go + Ad(91)(Go)) € H and by Lemma [2.5
a(g1, G1 — Go + Ad(g1)(Go)) = (g1, G1) # 0.

Therefore, our assumption was wrong and we deduce that t is trivial.

As p is an isomorphism and H C G xXaq g we obtain that

(pln) ' (9) = (9,w(9)) € G xad @

for some w : G — g and all g € G. Furthermore, we check that
w(gh) = Ad(g)w(h) + w(g)

for all g, h € G. Arguing similarly as before, using Whitehead’s lemma, we
obtain that there exists some Gq € g such that for all g € G,

w(g) = Ad(g)(Go) — Go.
Therefore, for all v € I' we deduce that

U(7) = Ad(p(7))(Go) — Go
ie Ue€ Bi\dop(f‘,g) and our result follows. O

3. PRESSURE FORM AND CONVEXITY

In this section we define the pressure form on the moduli space of Margulis
spacetimes and show that the restrictions of the pressure form on constant
entropy sections of the moduli space are Riemannian. Moreover, we also
show that the space of constant entropy sections with fixed linear parts is
the boundary of a convex domain.

3.1. Pressure form on the moduli space. In this subsection we will
define and study the pressure form on the moduli space of Margulis space-
times. We will pullback concepts from thermodynamic formalism via the
Labourie-Margulis invariant. Suppose I' is a word hyperbolic group which
admits a Margulis spacetime. Then I admits an Anosov representation. We
know from Remark that if a word hyperbolic group admits an Anosov
representation then UI" admits a topologically transitive metric Anosov flow.
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28 SOURAV GHOSH

Suppose 9 is the topologically transitive metric Anosov flow on UI' as men-
tioned in Remark and p € Homu(T', G), p1 € Homa(T', G). We define
Rr(p) := Rr(fy) = {7 € O] a,(y) < T} and consider the following:

) 1
hp = htop <¢fp) = TIE)T;O flog ’RT(:O)L

I(p.p1) = ISy ) = i 1)| Yy onl)

THOO |RT( ~eRz(p) O‘p('Y)

Lemma 3.1. Suppose p € Homy(I', G) and p1 € Homa(I',G). Then both h,
and I(p, p1) exist and are finite. Moreover, h,, is positive and the following
maps are analytic:

h : Homy (T, G) — R
pr—hp,
I : Hompm(T, G) x Homa(T',G) — R
(p,p1) — 1(p, p1).

Proof. We note that (UT, ) is topologically transitive and metric Anosov.
Hence by Remark hiopt) is positive. Now by Lemma and Corollary
there exist Holder continuous functions f, varying analytically in the

coordinate p such that fv fo= O"E(W)) for all v € O. Moreover, by the main

theorem of [GT17] we get that for p € Homm(I',G) the functions f, are
Livsic cohomologous to positive functions on the compact set UI'. Hence,
for p € Homu(I',G) there exist positive constants c,, C, such that for all

v e O:
ap(7)
0<c, <22 <O,
Py T
Therefore, we obtain Rcl(z/z) C Rr(p) C Rl (¢) and it follows that
P
0< htopw < hp < htopw
c, Cp

Suppose f, is Livsic cohomologous to g, > 0. Then the function J;’) L is well
defined and is a continuous function on the compact set UI'. Hence, there
exist real numbers ¢, C', not necessarily positive, such that ¢ < ]:;Tl < C.
Therefore,

cap(7) = () / Gy < G (7) = £() / fr < Cl() / gp = Can()

and it follows that I(p, p1) is finite and can possibly be non-positive. Finally,
using Theorem we get that the functions h and I are analytic. O

Remark 3.1. Similar results about analytic variations of the topological en-
tropy were obtained for Anosov flows on closed Riemannian manifolds in
[KKPW&9] and for projective Anosov representations in [BCLS15].

Suppose p € Hompy(I',G). Then by [GTI17] we know that f, is Livsic
cohomologous to a positive function. Hence, we can use the variational
principle and Abramov’s formula [Abr59] to obtain that P(¢, —hf,) = 0
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if and only if h = h, (see Lemma [L.1)). Let #(UT) be the space of Livsic
cohomology classes of pressure zero Holder continuous functions on UI'. We
define the thermodynamic mapping as follows:

t : Homy (', G) — H(UT')
p— [—hpfp].
We use Remark (3), Corollary and Theorem |1.2|to deduce that the

map t induces the following map which we again denote by t:
t: M(T',G) — H(UT)
[p] — [_hpfp]'

Remark 3.2. We recall that UI' is a compact metric space, ¥ is a topo-
logically transitive metric Anosov flow on UI' and for p € Homy(T', G) the
functions f, are LivSic cohomologous to positive functions. Moreover, en-
tropy, intersection and pressure depend only on the LivSic cohomology class
of a function. Hence, the space H(UT") admits a pressure form coming from
the pressure form on the space Py (UI'). In this article, we consider the
pull-back of the pressure form on H(UT") via t to define a pressure form on
M(T, G):
pr: TM(T',G) x TM(T',G) — R.

Finally, using Proposition we obtain that the pressure form on M(T', G)
is a positive semi-definite bilinear form.

Remark 3.3. We recall that Homa (T, H) consists of Zariski dense, smooth
points of the representation variety Hom(I', H) which are also Anosov with
respect to suitable parabolic subgroups. Hence, the quotient space A(T', H)
is a manifold (for more details please see [LMS85], [JM87, BCLS15]). We use
Remark to recall that A(T",G) is a vector bundle over A(T', H). Hence,
A(T, G) is also a manifold. Moreover, using Corollary and Theorem
to deduce that and M(T', G) is an open subset of A(T'", G). Hence, the space
M(T', G) is also a manifold and for p € Hompm(I', G) we have

T[p]M(F, G) = TMA(F, G) = TpHomA(F, G)/Tp(Ad(G)p)
= ZlAdop(Fmg)/B/lAdop(F? g) = Hidop(rv g)

Proposition 3.1. Suppose {pi}ier € Homu(I',G) is an analytic one pa-
rameter family with pg = p and
d
dt|—o

Moreover, suppose pri, ([U], [U]) =0 and %}t:(] hp, = 0. Then
[U] =0 € Hpgo, (T, ) = T, M(T, G).

Proof. Suppose pr,([U], [U]) = 0. We use Proposition and Remark

to obtain that %‘ +—o Ppi fpi 1s LivSic cohomologous to zero. Hence, by
Theorem [1.2] we deduce that for all v € O,

/d
| di
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30 SOURAV GHOSH

Moreover, by our hypothesis %‘ +—o "o = 0. 1t follows that for all v € O,
d d d ap, ()
0= [ — h =h — =h, — pid 2,
Ll b =t [ Gl =

Hence, we obtain &(p(v),U(y)) = 0 for all infinite order elements vy € T.
Finally, we use Theorem and conclude our result. (]

3.2. Margulis multiverses. In this subsection we study the constant en-
tropy sections of the moduli space of Margulis spacetimes. We define a
Margulis multiverse of entropy k to be the section of the quotient moduli
space of Margulis spacetimes with constant entropy k. We show that Mar-
gulis spacetimes having the same entropy bound a convex domain in the
space of Margulis spacetimes with fixed linear parts and the restrictions of
the pressure form on the Margulis multiverses are Riemannian.

Lemma 3.2. Suppose o € Homa(I',H) and u,v,w € Zé(F,T) with (o, u) €
Homm(T', G). Then the following holds:

1. for all positive real numbers a,
h(o, u)

a
2. for all real numbers a,b with a > 0,

({0, au), (0,00)) = I((0,u), (0,v))

3. I((0,u), (0,v+w)) = I((o,u), (0,v)) + I((0,u), (¢, w)).
Proof. We recall that

h(o,au) =

. 1
h(e,au) = lim - log|Rr(e, au)|
where Rr(o,au) = {7 € O | a(qu)(7) < T}. Moreover, we have
a(o(v), au(v)) = aafe(y), u(7))
for all v € I'. Hence,
Ry(o,au) = {7 € O | a(pau)(7) S T} = {7 € O | ac(u)(7) < T}

T
= {’Y €O ] apu(y) < a} = Rz (0, u),

and we conclude our first equality by observing that

1 1
h(e,au) = lim - log|Rr(e,au)| = lim - log|Rr (e, u)l

1 . 1 h(o,u)
=— lim — .
a T o T/a a

log | Rz (0, u)] =
Similarly, we further observe that

I((0,au), (o,bv + cw)) = lim 71 Z 7a(g’bv+cw)<7)

T—oo |Ry(0, au)| ~eRr(o.au) (g,au) (7)
= lim # Z ba(g,v)(’}/) +ca(g7w)(7)
oo |R%(Qa u) ety (o) ac (o) (7)
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MARGULIS MULTIVERSE 31

- éa)z((g,u), (0.)) + eI ((e,w). (0.w)),

and our result follows. O

Let M(T',G); := M(T',G) N h=1(k). We note that M(T',G);, is called a
Margulis multiverse of entropy k.

Lemma 3.3. Suppose M(T', G) is a Margulis multiverse of entropy k. Then
M(T', G)x is a codimension 1 analytic submanifold of M(T', G). Moreover,

M(T, G)1 = {{(Ly, h(p)up)] | [p] € M(T', G)}.

Proof. Firstly, we use Remark (3) to observe that h(p) = h(gpg~?!) for
all g € G and by Lemma [3.2] we notice that h(L,, h(p)u,) = 1. Hence,

) =
M(T, G)1 = {[(Ly, h(p)up)] | [p] € M(T, G)}.
Moreover, using Lemma we obtain that A is analytic. We notice that

d up

d
— h(L,,——) = h(L — 1+1¢ .
dt -0 ( J23] 1 +t) ( pvup) dt ( + ) 7é O

t=0

Hence, by Implicit function theorem we conclude that M(I", G)j, is an analytic
submanifold of M(T', G) of codimension 1. O

Theorem 3.1. Suppose M(T', G)y is a Margulis multiverse of entropy k.
Then the restriction of the pressure form

pr: TM(P, G)k X TM(P, G)k —R
is a Riemannian metric for all k > 0.

Proof. The result follows from Lemma and Proposition O

Corollary 3.1. The pressure form on M(T', G) is non-negative definite with
signature dim(M(T', G)) —

In fact, the degenerate direction of the pressure form at any [p] € M(T', G)
is [(0,up)] € Hago, (T, 9)-

Proof. We use Theorem and Lemma to observe that the pressure
form is non-negative definite. Moreover, for p; = (L, (1 + t)u,) we use
Lemma .2l and obtain

h(pt)

(1+¢) h(p)
h(p) I(p,pt) =

(1+1) h(p)
up)], [(0,u,)]) = 0 and we obtain that the

) — 1 and the degenerate direction of the
0,up)]. O

——1(p,p) = 1.

Therefore, it follows that pr, ([(0,
signature is, in fact, dim(M(T', G)
pressure form at [p] is premsely [(0,

Theorem 3.2. Suppose o € Homa (T, H) and up,u; € Zé(F, T) are such that
(0,up), (0,u1) € Hompm(T,G). Moreover, suppose h(o,up) = k = h(o,uq).
Then for t € (0,1) the representations py = (o,tu; + (1 — t)ug) are well
defined, p; € Homy(T', G) and the following holds:

h(pt) < k.
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32 SOURAV GHOSH

Proof. We use Proposition to deduce that p; is well defined and p; €
Homm(T', G) for t € (0,1).
Now we will show the entropy inequality. We recall that T = R?"*1 = ¢,

We observe that if v € Z)(T',T) = Z}(I',t) then (0,v) € Z}Ado(g’w)(f‘,g) for

any w € Zé(I‘, T). Indeed, we compute and observe that for all v,n € T,

Ad(e(7), w())(0,v(n)) + (0,v(7)) = (0, e(v)v(n) + v(7)).

Suppose u,v € Z5(I', T) is such that {(o, u + tv)}1e(—1,1) € Homm(L, G),
the entropy h(o,u) = k and [(0,v)] € deo(@u) (T, g) is a tangent vector to
the submanifold M(T', G); at the point [(o,u)] € M(T, G).

Hence, we obtain % ‘t:O h(g,u+tv) = 0. Furthermore, we use Lemma
to observe that

I((0,u), (0;u+tv)) = I((0,u), (0,u)) +tI((0,u), (0,v))
=1+tl((0,u), (0,v)).

Hence, it follows that

d2
@ I((g,u),(g,u+tv)) = 0.
t=0
Also, we deduce that,
d? d2
dt=1|,_, dt?|,_,

Now using Proposition [I.2] and Remark [3.2] we get that

d2

t=0

with equality if and only if pry,,y([(0,v)], [(0,v)]) = 0. Moreover, as

h(o,u+tv) =0,
t=0
we use Proposition and deduce that pri, ) ([(0,v)], [(0,v)]) = 0 if and

only if (0,v) € B}\do(g’u)(l“,g) i.e. v € By(I',T). Hence, for v ¢ By(T', T) we

dt

have
d2

2 h(o,u+ tv) > 0.

t=0

It follows that h(g,u) is a local minimum. Therefore, for ug, u; € ZE(F,T)
with (g, up), (0,u1) € Homy(I',G) such that h(o,up) = k = h(o,u1) we
deduce that

h(o,tuy + (1 —t)ug) < th(o,u1) + (1 —t)h(o,up) =tk + (1 —t)k =k

and we conclude our result. O
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