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Abstract. In this article we study the eigenvalue variations of Heisenberg and quaternion
Lie groups under the Ricci flow and we investigate the deformation of some characteristics of
compact nilmanifolds I'\ N under the Ricci flow, where N is a simply connected 2-step nilpotent
Lie group with a left invariant metric and I is a discrete cocompact subgroup of N, in particular
Heisenberg and quaternion Lie groups.

1 Introduction

2-step nilpotent Lie groups play an important role in mathematics, and Heisenberg type,
Heisenberg-like type Lie groups have a special significance. Heisenberg-type groups introduced
by Kaplan [17], are examples of Carnot groups. A Carnot group is simply a connected m-step
nilpotent Lie group N whose Lie algebra N decomposes into the direct sum of vector subspaces
Vi@ Ve & ... BV, satistying the following relations:

[Vlyvk] = Vk-‘rl 7]- S k <m, [Vth] = {0}

Carnot groups have applications in complex analysis, semiclassical analysis of quantum mechan-
ics, control theory, and probability theory of degenerate diffusion processes, see [20] for further
details. The geometry of Carnot groups has been studied extensively by many mathematicians,
for instance, [2], [9], [10], [17].

The spectrum of a Riemannian manifold (M, g), denoted by spec(M, g), is the collection of
eigenvalues with multiplicities of the associated Laplace-Beltrami operator acting on smooth
functions. Studying the eigenvalues of geometric operators plays a powerful role in geometric
analysis. A basic question in spectral geometry is determining what geometric information is
contained in the spectrum of a Riemannian manifold. Despite considerable research in the area,
only a few geometric properties are known to be spectrally determined; for example, dimension,
volume, and total scalar curvature. Two Riemannian manifolds (M, g) and (M, g) are said to be
isospectral if spec(M, g) = spec(]T/[/ ,g). Examples of isospectral manifolds provide us with the
only means for determining properties not determined by the spectrum (see [3], [4], [5], [18],

[19] ).

On the other hand, the length spectrum of a Riemannian manifold is the set of lengths
of closed geodesics, counted with multiplicity. The multiplicity of a length is defined as the
number of distinct free homotopy classes in which the length occurs. The length spectrum and
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isospectral have relationship with each other (see [11], [13], [14], [16] ).

Let N be a simply connected Lie group and let I' be a cocompact discrete subgroup of
N. A Riemannian metric ¢ is left invariant if left translations of N are isometries. The left
invariant metric g projects to a Riemannian metric on I' \ N, which we also denote by g.
Eberlein in [9] and [10] studied the differential geometry of simply connected, 2-step nilpotent
Lie groups N with a left invariant Riemannian metric <,>. The goal of this article is to
discuss relationships between the Laplace spectrum, the length spectrum and the geodesic flow
of compact Riemannian manifolds.

Let M be a Riemannian manifold with a Riemannian metric go. The un-normalized Ricci
flow on M is defined by the equation:

£ 9(1) = ~2Ric(g 1)), 9(0) = g, (11)

where Ric is the Ricci tensor of g(¢). The volume of a manifold does not remain constant under
this Ricci flow, but it is preserved under the equation

d ) 2r
Eg(t) = —2Ric(g(t)) + —g, 9(0) = go, (1.2)
n
where
e Jar Relpe

-~ Judu

is the average of the scalar curvature. (1.2) is called the normalized Ricci flow. Exitence and
uniqueness of the solution to the Ricci flow over a sufficiently short time have been proved by
Hamilton in [6], [7], by DeTurk in [8] on a compact Riemannian manifold and by G. Xu in
[24] on a noncompact Riemannian manifold.

In [1] and [21] the Ricci flow equation has been constructed and solved for some classes of
Carnot groups, the first is related to the multidimensional space of quaternion numbers which
is called quaternion nilpotent Lie group, the second one is the higher-dimensional classical
Heisenberg nilpotent Lie group.

Let M be a Riemannian manifold, {2 a bounded domain with smooth boundary in M and
f: 9 — R be a smooth function on Q or f € WP(Q), the Sobolev space. The p-Laplacian of
f for 1 < p < oo is defined as

Npf = div(|[VfP2V ) (1.3)
IVFP2Af + (p = 2)IV [P (Hessf)(V [,V [),
where
(Hessf)(X,Y)=V(VHX,)Y)=Y.(X.f) = (VyX).f, X,)Y €X(M).

Note that, for p = 2, A, is the usual Laplace-Beltrami operator. We say that A is an eigenvalue
of the p-Laplacian on €2 whenever f # 0 on 2 and

Apf+AfIP2f =0 on Q,
f=0 on 0,
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or equivalently

/ VP2 < Vf, Vi > dy = A / P2 fedn Ve € Win(Q), (1.4)
Q Q

where W, *(Q) is the closure of C5°(Q) in Sobolev space W?(Q). In this case we say that f is
an eigenfunction associated to A. Taking ¢ = f in (1.4) implies

[ 1spdn=n [ 17,

IV Pdp
fQ |f |pd,u
Normalized eigenfunctions are defined as follows :

hence

A

[ 1spdn=1. (15)
Q
The nonzero first eigenvalue of the p-Laplacian is

V flPd
M, = in {M :
f#0 fﬂ | flPdu

Let (M™,g(t)) be a solution of the Ricci flow on the smooth manifold (M", go) in the interval
[0;T), then

Fewr@), [ 15 dn = 0} |
Q

A0 = [ 194 (1.6)

defines the evolution of an eigenvalue of the p-Laplacian under the variation of g(¢) where an
eigenfunction associated to A(t) is normalized. Suppose that for any metric g(t) on M"

Specy(g9) = {0 = Ao(g9) < Mi(g) < Xa(g) <. < Xilg) < ..}

is the spectrum of A, = 9A,,. In [23] it is shown that along the Ricci flow the A(¢) is differentiable
on [0,7T], therefore, in what follows we assume the existence and C'-differentiability of the
elements A(t) and f(t) under a Ricci flow deformation g(t) of a given initial metric.

2 Variation of eigenvalues

In this section, we will be using evolution formulas for A\(¢) under the Ricci flow of [22] and
compute those in particular cases.

In [22] and [23] it has been shown that the variation formula for the eigenvalues of the
p-Laplacian under the Ricci flow is as follows:

i) for the un-normalized Ricci flow

dA
G Rivau [ ROy [ RAwr IO @)

ii) for the normalized Ricci flow

dx _p?“)\

G | Riftdu= [ RIVSPaue [ RieOR TPV 22)
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2.1 Variation of eigenvalues on the Heisenberg Lie group

We now recall the construction and properties of the higher-dimensional, classical Heisenberg
Lie group. Let H,, be a (2n + 1)-dimensional Heisenberg Lie group. Let

r = (z,.,2"),

(2" ..

If g=(x,y,2) € H, x R and ¢ = (¢/, v/, 2') € H, x R, then the group multiplication is
(v,y,2)0 (29,2 )= (x+2,y+y, 2+ 2 +29)

where z.y is the usual inner product of vectors x € R™ and 3y’ € R”. With respect to this
multiplication, we have the following frame of left invariant vector fields,

e; = 0;, €nti = Onyi + T'0onsi1, €ani1 = Oanpq, forall 1 <i<n,
and the only nontrivial Lie bracket relation is
[€iy enti] = €any1, forall 1 <i<n.
The dual coframe is
n
0" = dz’, 9" = da™ T, 9P = Pt — Z 2hda" ) for all 1 <i < n.
k=1

In [21] it has been shown that the solution to the Ricci flow equation in the Heisenberg nilpotent
Lie group with the initial diagonal left-invariant metric

gz(O)gn—H(O) = g2n+1<0)a for all i; 1 S () S n

18
_or;

n+2

zMﬂngDOn+%ﬁ+Q , Hl<i<Indtl (2.3)

(7"1, ce ,T2n+1) = —%(1, 1, ceey ]_, —n)

where ¢;(t) = g¢;i(t). The orthogonality of vector fields is invariant under this metric. For the
metric g(t) defined by (2.3), the Ricci tensor is diagonal and for 1 < i < 2n + 1 we have

—27

. e -1
where R; = R;;, therefore
—-n

R=g'R; =

2((n+2)t+1)
is a constant. Let V; = V.., then

Ric(Vf,Vf) = Rz’jvifvjf:Ri(vif)Q
= mgi(txviff
—1 i 2
Sl (e e O

n+1
2((n+2)t+1)

((n 7—12)1 + 1)g2n+l<t)(v2n+1f)2.

241 () (VHLf)?

R AR
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Using (2.1) for the un-normalized Ricci flow eigenvalue variation of the p-Laplacian we get

dn —pA (n+1)p ((n+2)t+ 1) 2| -2
dt 2((n+2)t+1) 2(n+2)t+1) /Q 92n+1(0) O YV I
B Y (n+ )p((n + 2)t + 1)tz 2o pp
o 2((n+2)t+1) " 292n+1(0) /Q(a%ﬂf) VIFan

and using (2.2) for the normalized Ricci flow of the p-Laplacian, we obtain

dx _ prA N —pA (n+ D)p((n+2)t + 1)#22
dt 2n+1 2((n+2)t+1) 2G2n+1(0)

/Q (Do IV F1P2dp.

Example 1. Let (N, <,>) be a two-step nilpotent metric Lie algebra of a Lie group (N, <, >),
which has the orthogonal decomposition N’ =V @ Z, where Z is center and V is the orthogonal
complement of Z. Define the linear transformation j : Z — SO(V) by j(Z2)X = (adX)*Z for
Z € Z and X € V. Equivalently, for each Z € Z, j(Z) : V — V is the skew-symmetric linear

transformation defined by
< (adX)*'Z)Y >=<Z,(adX)Y > (2.4)

for all X,Y € V. Here adX(Y) = [X,Y] for all X,Y € N, and (adX)* denotes the (metric)
adjoint of adX. We say that (IV, <,>) is of Heisenberg type whenever for any Z € Z we have
j(Z)? = —|Z|?Id. Note, that given the above definitions, H, is two-step nilpotent. Set

V = {ei, entill <i<nj, Z = {em+1}

If we choose an inner product on H, such that V|J Z is an orthonormal basis for H,, then the
Heisenberg Lie group is of Heisenberg type. Let <, > be a left-invariant metric on a Lie group
N and V its metric connection, then for X,Y,Z, W € N, we have:

1
VxY = 3 {(@dX)Y — (adX)'Y — (adY)* X} .
Now, in the Heisenberg Lie group (H,,¢(t)) for all 1 < I < 2n + 1, we have

1
Ve, €1 = 5 {ler,er] — (adey)*e; — (ader)*er} = —(ader)*er

hence
<Ver, ey >=—< —(ader)’er, ey >= — <ey, [ef,e5] >=0

this implies that T'Y; = 0. If g(¢) is the metric in (2.3) then it is diagonal and for 1 < I, J, K <
2n + 1 we have

Af = g"(eresf —Texf)=g'(ererf —Tlexf)
= g'(es(erf))

= > gRf+> gt (aanf + 20 0O f + <xi>203n+1f>
=1 =1
+ g2n+la§n+1f'

For p = 2 if f(z) = exp(a!) where x = (a!, ... 2™ 2", .. 22" 2?"F1) then Af = ¢'0if.
Therefore

—1

A(t) = g" = (g:(0)) " ((n o)+ 1) "
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For p # 2, we compute

—1

VI =g (erf)lesf) = 91}0) <(n +2)t + 1> mf27
and
, 1 s W
VIPvs = () (k) ey
therefore

Af = div(|VIPV)
= V(ISP
= g {Vi(IVIPV )}
= ¢ {er((VIP2V 0, =TV V )i}
= g'e(VPV I
—(p—2)

- — (<n+2>t+1)’:261(< : >%2(<n+2>t+1)““f“>

50) 5:0)
—(p)

1 p 2(n+2) -1

S (R ) B

which implies that

)2 ((n+ 2t + 1)2('55)”@— 1).

2.2 Variation of eigenvalues on quaternion Lie group

We now recall the construction and properties of higher-dimensional classical quaternion Lie
groups. Let N = @, be a (4n + 3)—dimensional quaternion Lie group. Let

. 11 21 nl 1n 2n 4n
r = (I , X, o, T, ., ., ),

= (21722723)-

If g=(2,2) € N and ¢ = (¢/,7') € N and

A, O - O] A, O --- O
M1: O Al . . : M2: O A2
NG R NG
_O 0) Al_ 0) @) A2
_Ag O O
M — O A; ’
. 0
_O -0 A3_
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where ~ _

0 1 0 0 00 0 -1
-1 0 0 0 00 —1 0

A1_0001’A2_0100’
| 0 0 -1 0 10 0 0
0 0 —1 0]
0 0 0 1

A3_1000’
0 -1 0 0]

then the multiplication on N is defined by
Ly(q") = L@y, 2)=(z,2)0(,7)
1 1 1
= <CL’ + ZE,, Z1 + Zi + §(M11},ZL',), Z9 + Z; + 5(M2£C,[E’), Z3 + Zé + §(M3I‘,ZE/)> s

where (M, z') is the usual inner product of the vectors Mz € R, 2’ € R¥". With respect to
this multiplication, we have the following vector fields

_ 0 L 0 a9 5 0
A (m I PR
_ 0 1 Y s 0 a9
AT g T3 <_x 921~ " 922 L 023
_ 9 (w0 a0 40
R <x 0zt R = 023
_ 0 1 g 0 u 0 2 0
= 8x4l+2< v 3zl+x 8z2+x 023
0
Cantm = E?z_m

l=1,2,...,n, m=1,2,3

The Lie brackets of these vector fields are

[611, 621] = —C4ap+1, [611635] = Zan+3, [€1z, €4z] = C4n+2

[6217 €2z] = €4n+2, [€2l7 €4l] = _Z4n+37 [6317 €4z] = —€4n+1- (2-5)

Other brackets are equal to zero. The duals of the above vector fields are as follows:
e, 0, =dz" — %(er,da;), k=1,2,34, 1<l<n, r=1,23.
Given the above definitions, @),, is two-step nilpotent. Set
V = { Xy, Xoy, Xz, Xg|1 <1 < nj, Z ={Z1,2, Z3}

If we choose an inner product on ), such that V|JZ is an orthonormal basis for @,, then
the quaternion Lie group is of Heisenberg type. The solution to the Ricci flow equation in a
quaternion nilpotent Lie group with the initial diagonal left-invariant metric

9;(0) = 61(0), 94n+1(0) = Gan+2(0) = gun43(0),for 1 < j <4n
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is

2n+6
gi(t) = 9:1(0) (—j%?g%ﬂ(())t + 1) ;o if1<i<dn
- (2.6)

n+3
gr(t) = gans1(0) (%Q%H(O)t + 1) , ifdn+1<k<4n+3;

The orthogonality of vector fields is invariant under this metric. For metric (2.6) the Ricci tensor
on @, is diagonal and for 1 < I < 4n + 3, we have

-1
—694r+1(0) In+6 ) '
19g; g3 (0) gi(t )(g ) Yan+1(0)t + 1) . if 1< T <d4dn;

T 20t !
R A )(2"(;‘;94%1(0)75 + 1) , ifdn4+1<1<4n+3;

hence

12041 (0 M + 6
R = 2Oy (2

72(0) (o) SO+ 1) |

is a constant. Also

Ric(Nf,Vf) = Ri(V'f)

-1 4n
—694n11(0) [ 2n + 6
- ni1(0)t +1 i
20y \ g2y v Zg
1 An+3
ANGsn+1(0) [ 2n + 6 .
Gan+1(0) + 1 gi(t)(V'f)
70) \ gi(0) ! Z

= _6;7‘1;728; (0) (2';%(_5)694n+1(0)t + 1) IV f|?
1 4ny3
N (4n +962)<%4)n+1(0) (2;$)694n+1(0)t + 1) Z gi(t)(V'f)?.
1 1 I=4n+1

Using (2.1), now we compute the eigenvalues variation of the p-Laplacian on (Q,, g(t)). For the
un-normalized Ricci flow we have

dA —6pAGan+1(0) (2n 46 ~1
dat i (0)E+ 1
dt g3 (0) 72(0) gan+1(0)t +
(4n + 6)gan+1(0) <2n +6 ~1 4n+3 2
Gans1(0)t +1 V(T )2V F P2,
9:(0) gi(0) " Z

and using (2.2) for the normalized Ricci flow we can write

dA pra —6pAgan+1(0) (20 + 6 !
an- _ t+1
dt 4n + 3 g3(0) 42(0) Gan+1(0)¢ +
AN+ 6) guns1(0) /20 + 6 B
_ 4l g;(gg) +1(0) ( a0+ 1) S [ G v

1=4n+1



Deformation of spectrum and length spectrum on some compact nilmanifolds under the Ricci flow 19

Example 2. Using the notation of Example 1 and the brackets of (2.5), we compute
1 * * *
Ve = 5 {les, €] — (ade;)*e; — (ade;)*e;} = —(ade;)"e;,

hence
< Vi, €, >=— < —(ade;)"e;, e, >= — < ¢;, |e;,e;] >=0,

which implies that Fiz = 0. Similarly to Example 1, if p = 2, then for f(z) = exp(x'') where

r=(zM, 22 o atn L atn 2t 22 23), we obtain
Af = gieieif = 91€1€1f = Qlf
and »
1 2n+6 n+6
A0 =) = o (BP0 +1)
91(0) \ g2(0) "

If p # 2, then we have

Apf = g' (VAP 2V i =()E (= D

and
P

(1 [(2n+6 e\ 2 B

Definition 1. Two Riemannian manifolds are said to be isospectral if the associated Laplace-
Beltrami operators have the same eigenvalue spectrum.

Definition 2. A continuous family N; of Riemannian manifold is said to be an isospectral
deformation of M, if the manifolds are pairwise isospectral.

Definition 3. The solution g(¢) of the Ricci flow with the initial condition ¢g(0) = go is called a
Ricci soliton if there exist a smooth function u(t) and a 1-parameter family of diffeomorphisms
W, of M™ such that

g9(t) = u(®)¥;(g0), u(0) =1, o = idpm.
Remark 1. Now, let (M, g) and (N, h) be two manifolds and
¢:(M,g) = (N,h)

an isometry, then we have
gAOQO* :QO*OhA.

Hence, for a given diffeomorphism ¢ : M" — M"™ we have that
@ (M",9°g) > (M", g)

is an isometry, therefore we conclude that (M™, ¢*g),and (M™, g) have the same spectrum

Spec(g) = Spec(yp*g)

with eigenfunctions fi, ©* fi respectively. If g(¢) is a Ricci soliton on (M™, o), then (M, go) and
(M, p;g) are isospectral and this implies that the family (M™, ¢} g) is an isospectral deformation
of (Mv gO)
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3 Deformation of marked length spectrum

In the last section we investigate the eigenvalue variations of the p-Laplacian under the Ricci
flow and show that the spectrum on a closed manifold is preserved under the Ricci soliton. In
this section we also show that the spectrum and the marked length spectrum on a nilmanifold
are preserved under the Ricci soliton.

Suppose that the Lie group N is H, or @), and g(t) is the solution of Ricci flow in (2.3),
(2.6) respectively. If g(t) is a solution of the Ricci flow on N with the additional condition
91(0)gn+1(0) =1 on H, and g4,+1(0) = ¢3(0) on Q,,, then for t = 0 we have

J(2)* = —|Z|*Id for all Z € Z,
that is the group N is of Heisenberg type. But if for the Heisenberg Lie group (H,, g(t))
m=((n+2)t+ 1)n;+22,
then for (H,,g(t)) we have
J(Z2)? = —n,|Z71d for all Z € Z.
Also if for the quaternion Lie group (@, g(t)) we suppose that,
G=(2n+6)t+1)"
then in (Q,, g(t)) we obtain
J(2)2 = —G|ZPId forall Z € 2.
Let P, = n; or ;. For H, or Q, we have j(Z)? = —P| Z|?Id.
Proposition 3.1. Let |N, <,>, | be the Lie algebra of N where N is H,, or Q, . Then we have
1. <j (D)X, j(Z)X >=P, < Z,2* >< X,X >, forall Z,2* € Z and X € V;
2. <j( )X, J(2)Y =P, < Z,Z >< XY > forall Z € Z and X,Y € V;
3. 1§(2)X |, = P?|Z| X, for all Z € Z and X € V;
4 j(Z)0j(Z*) + j(Z%) 0 j(Z) = —2P, < Z,Z* >, Id for all Z,7* € Z;
5. (X, j(2)X]| =P <X, X > Zforal Z e Z andX € V.
Proof. 1. Take u = j(Z)X and v = j(Z*)X in the relation
<u+v,u+v>S—<u—v,u—v>=4<u,v>.
7 is a linear mapping, therefore

<iZ4+ZVX,J(Z+ 729X > — < J(Z = Z9X,j(Z — Z°)X >
=4 < j(2)X,j(Z)X > .

7 is skew symmetric, hence

4<i( )X, 5(Z)X > = <j(Z+ZVX, X > —<i(Z—-7)VPX,X >
= RIZ+Z[}|X[; - P|Z - Z*[{|X]}
= 4AP|X|? < Z,7* >,
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2. 7 is a linear mapping, therefore

<JHDX,j(Z)Y >=— < j(Z2)’X,Y >=PB|Z|; < X,Y >, .

3. In (2), let X =Y, then |j(2)X|? = B|Z|}| X|?.
4. For all Z, Z* € Z, we have

2P, < Z,7* >, Id = —P(Z+Z*? —|Z|? —|Z*|?)Id
(GJ(Z+ 2 —j(2)* = j(Z*))Id
= j(Z)oj(Z*) +j(Z7) 0 j(Z).

5. For all Z € Z,

<X J(2)X, 2> = < (@dX)((Z)X), 2" >=< j(Z)X,j(Z")X >
PIX? < Z,7* > .

From [9] we have

1. VxY = %[X,Y] for all X,Y € V;

2. VxZ =V;X =-1j(Z)X forall Z € Z and X €V
3. VyzzZ*=0forall Z, 7" € Z.

Definition 4. Let (M, g(t)) be a complete Riemannian manifold with the tangent bundle T'M.
For all v € TM and s € R, define G®Y(v) = ¢’ (s,t) to be the velocity in time s of the unique
geodesic o(s,t) with the initial speed v. The G is called a geodesic flow.

Let o(s,t) be a curve in 2-step nilpotent Lie group with a left invariant metric (N, g(t)),
where N is H,, or @, such that ¢(0,¢) = e and ¢'(0,t) = Xo(t) + Zy(t), where Xo(t) € V(1),
Zo(t) € Z(t) and e is the identity in N. Using the exponential coordinates, write o(s,t) =
exp(X (s, t) + Z(s,t)), with

X(s,t) € V(t), X'(0,t) = Xo(t), X(0,£)=0 (3.1)

With the above notation from [17], we have the following statement.

Proposition 3.2. A curve o(s,t) is a geodesic if and only if the following geodesic equations
are satisfied:

{X”(s, 1) = §(Zo(0) X (s, 1). (52)
Z'(s,t) + 5[ X'(s,t), X (s,t)] = Zo(t).

From [9] we have the following lemma and corollary.

Lemma 3.1. With the above notion we have

o'(5,t) = dLy(s ) (eSj(ZO(t))Xo(t) + Zo(t)) .
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Corollary 3.1. Let {G®Y} be a geodesic flow in TN. With the above notation, if n € N then

<2@¢>(dLn(xb(w-+§@(w)) —-dngi)(e”“%“”)Qﬂt)+»Zb@)).

Proposition 3.3. With the above notation, if the curve o(s,t) = exp(X(s,t) + Z(s,t)) in
(N, g(t)) satisfies in (2.3) and (2.6) where N is H, or Q,, then

X(s,t) = (coss — 1)J 1 Xo(t) + 228 X (1),

_ X0 \ | sins |Xo(t)2 (3.3)
Z““‘(“*zﬁ%*%em%w>%@’

where J = j(Zo(t)), 6 = VB Zo(D)].

Proof. We verify that the expressions for X (s,¢) and Z(s,t) given above satisfy (3.2) together
with the initial conditions. Taking s = 0 in (3.3), we have

X(0,) = Z(0,t) = 0, X"(0,¢) = Xo(t), Z'(0,t) = Zo(t),

therefore X (s,t) and Z(s,t) satisfy the initial conditions. Also by differentiating the first equa-
tion of (3.3) we obtain

aa—)j(s,t) = —0(sinsh)J ' Xo(t) + cossdXy(t),

which implies that X (s,t) satisfies the first equation of (3.2). Furthermore

0?°X
0s?

(5,1) = —0*(cossl)J *Xy(t) — O0(sinsh)Xo(t)
= J(—0%(cosst)J 2 X,(t) — O(sinsd)J * Xo(t)) = JX'(s,1).

Similarity by differentiating the second equation of (3.3) we obtain

%_f(s,t) = ((1 + (1 — cossb) < Xo(t), Xo(t )) )Zo( ),

2 < Zo(t), Zo(t
which implies that

07z 10X

- | Xo(t)[7
E+§[E7X] = ((1—1—(1—0033«9) )Zo(t)

2|1Z(1)[7

1 1
+§sm259[X0, J 1 Xo) + 5(005236 — c0ss8)[Xo, J 1 X]

= ((1 + (1 — cossb) 2|f;0<( >>|‘tt ) Zy(t) + %(1 — coss8)[Xo, J 1 X).

On the other hand, using property 5 of Proposition 3.1, we have

1 Xl

1
[XO’ J_lXO] = [X07 __QJXO] - _ﬁPt|XO|tQZO |Z |t ZO?
0l

7

therefore

55 Talas X =%

which completes the proof. n

07 1[&X<X}
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Definition 5. A nonidentity element () of (IV, g(t)) translates a unit speed geodesic o(s,t) in
(N, g(t)) by an amount w(t) > 0 if ¢(t).0(s,t) = o(s + w(t),t) for all s € R. The amount w(t)
is called a period of o(t).

Remark 2. Let GG be a 2-step nilpotent Lie group with corresponding Lie algebra G, then for
all X, Y € G and also ¢ = exp(X), ¢ = exp(Y) from [15] we have

1. exp(X)exp(Y) = exp(X +Y + 1[X,Y])
2. ot =exp(Y + [X,Y])

Proposition 3.4. Let p(t) be a family of nonidentity elements of a two-step nilpotent Lie group
with the left invariant metric (N, g(t)) and let dyuy @ (N, g(t)) — R be the distance function
defined by dyuy(n) = di(n,(t).n). Then dyu attains its minimum w(t) > 0 on (N,g(t)) and
translates any unit speed geodesic o(s,t) of N by an amount w(t) > 0. The amount w(t) is called
the smallest period of ¢(t).

Proof. Choose V*(t) € V and Z*(t) € Z so that ¢(t) = exp(V*(t) + Z*(¢)). If

Zy+(p) = {exp[V*(1),£(1)]; £(t) € N},

then Zy- () is a closed subgroup of the center of N. Therefore the set p(t).Zy«y) = Zy-@).p(t)
is closed in N, and we may choose an element 1*(t) € ¢(t).Zy+() such that

di(e. " (1) < dile. (1)), for all (1) € p(t).Zy-q),

So w(t) = dy(e,*(t)) is the minimum value of dy) and the d,q) attains its minimum value at
exp(£*(t)), where £*(t) € N is any element such that

V() = o(t).exp[V(t),§ ()]
= exp(V*+ 2"+ [V*,£(1)]).
If £(t) € NV is arbitrary, then
Y(t) = exp(—£(t)).p(t).exp(E(t))
= exp(V*+ 2"+ [V*,£(1)))
p(t).exp[V*(t),E(t)] € @(t). Zve),

hence
dowerp(§(t)) = dile, exp(=E7(1)).(t).exp(E (1)) = di(e, ™ (1)) < dile, ¥(1))
= dywexp(§(t)).
So dy () attains its minimum w(t) = d(e,*(t)) at exp(£*(t)) and w(t) is the smallest period of
©(t) and ¢(t) translates any minimizing geodesic from exp(£*(t)) to ¢(t).exp(£*(t)). O

Lemma 3.2. Let N be a Heisenberg Lie group or quaternion Lie group with the left invariant
metric g(t). Let (N, <,>;) be the associated metric Lie algebra. Let o(t) = exp(V*(t) + Z*(t))
be a family of nonidentity elements of N.

a) if o(t) does not lie in the center of N, let £(t) € N be such that Z*(t) = [£(t), V*(1)].
Let o(s,t) = emp(ﬁ(t))emp(W* (V*( ))).  The period of p(t) is precisely |[V*(t)|; i.e.
p(t).o(s,t) = ols + V(D). 1),
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b) if ©(t) is an element of the center of N, let £&(t) € N be arbitrary and o(s,t) =
e:cp(&(t))exp(ﬁ(Z*(t))), then o(t).o(s,t) = o(s + |Z*(t)|s, t). Also if w(t) is another
period of p(t) then w(t) < |Z*(t)|s.

Proof. a) if a = exp(&(t)), we define

P (t) = a p(t).a = exp(V'(t) + Z7(t) + [V (1), £(1)]) = exp(V*(1)).

The condition ¢(t).0(s,t) = o(s + w*(t),t) for all s € R is equivalent to the condition
©*(t).7"(s,t) = 7" (s + w*(t), ) where

7 (s,) = @~ y(s, ) = eap(=€(t)eap(V*(t) + Z°(t)) = eap( V" (1)),

Note that (6*)(0,t) = Z—((tt)) is the unit vector by the definition of w*(t). o*(s,t) is a geodesic and

o(s,t) = a.0*(s,t) is a unit speed geodesic. The uniqueness of the period follows by Proposition
4.5 of 9.
b) The proof is similar to the proof of a). O

Definition 6. Let N be a simply connected, nilpotent Lie group with a left invariant metric,
and let I' € N be a discrete subgroup of N. The group I' is said to be a lattice in NV if the
quotient manifold "\ IV obtained by letting I" act on N by left translation is compact.

Proposition 3.5. Let (N, g(t)) be (Hp,g(t)) or (Qn,g(t)) and T be a discrete subgroup of N.
Let o(t) € T be a family of nonidentity elements of the center of N, such that logp(t) € Z.
Then ¢(t) = exp(V*(t) + Z*(t)) has the following periods

1
{|Z*(t)|t, V (47k)(|Z*(t)|, — wk); where k is an integer and {1 < k < 2—|Z*(t)|t}} :
m

Proof. Every unit speed geodesic of N is translated by some element ¢(t) of N (see [9]) and
(3.3) proves the proposition. ]

Definition 7. Let M be a compact Riemannian manifold. For each nontrivial free homotopy
class C of closed curves in M we define I(C) to be the collection of all lengths of smoothly closed
geodesics that belong to C'.

Definition 8. The length spectrum of a compact Riemannian manifold M is the collection of
all ordered pairs (L, m), where L is the length of a closed geodesic in M and m is the multiplicity
of L, i.e. m is the number of free homotopy classes C' of closed curves in M that contain a closed
geodesic of length L.

Lemma 3.3. If g(t) is a solution of Ricci flow in (2.3) and (2.6) then (I' \ H,,g(t)) and
(I'\ Hy, g0) have the same length spectrum, also (I'\ Qn,g(t)) and (I'\ Qn, go) have the same
length spectrum.

Proof. Let (N, g(t)) be (H,, g(t)) or (Qn,g(t)). If p(t) belongs to a discrete group I' C N, then
the periods of ¢(t) are precisely the lengths of the closed geodesic in I'\ N that belong to the free
homotopy class of closed curves in I'\ N determined by ¢(t). Therefore a free homotopy class of
closed curves in I'\ V corresponds to the conjugate class of an element ¢ in I' and the collection
[(C) is then precisely the set of periods of ¢; note that the conjugatae elements of I" have the
same periods. An arbitrary nonidentity element ¢(t) = exp(V*(t)+ Z*(t)) € N that does not lie
in the center of N, by Lemma 3.2 has a unique period w(t) = |V*(¢)|;. Therefore in a Heisenberg
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Lie group (Hp, g(t)), if {e1, ..., €an, €ans1} is a basis for H,, and if V*(t) = X a;e; + biepy; for
some a;,b; € R, then we obtain
V@I = Biiailel; + 0 lensil?
—1 —1
= ¥iLia}((n+2)t + 1)72 feifg + 67 ((n + 2)t + 1)772|enilg
=L * 2
= ((n+2)t+1)»= V(1)

and in a quaternion Lie group, if

% (t) = E?:laini + bZXQZ + Cngi + dZX4I for some a;, bi7 C;, dz € ]R,

then
V)7 = SMial| Xulf + 07 Xail? + ¢ Xailf + &7 Xuil?
— (2 +6)t + 1T 5 02| X, 2 4 2 Xoi|2 + 2| X2 + 0] X2
3
— ((2n+6)t+ )= [V*(1)[2.
Let

W*(t) = ((2n + 6)t + 1) 712 V*(1)
and ¥(t) = exp(W*(t) + Z*(t)), then |W*(t)|: = |V*(t)|o, hence the period of ¥(¢) is w(t). Also,
for arbitrary nonidentity elements p(t) = exp(V*(¢) + Z*(t)) € N which are in the center of N,
we have the following periods:

1
{]Z*(t)]t, V (47k) (| Z*(t)|, — mk); where k is an integer and {1 < k < 2—]Z*(t)]t}} :
m

Therefore in a Heisenberg Lie group (H,, g(t))) we see that Z*(t) = aeg, 1 for some a € R and

Z*@)F = @’lesntal; = a*((n+2)t + 1)7|egnpa s
= ((n+2)t+1)m2|Z*(t) 2.

If in a quaternion Lie group
Z*(t) = X2 ,a; Z4ny; for some a; € R,
then

Z*0)); = S0 Zansil;
= (2n+6)t + 1) B2 62| Zyn a2
= ((2n+6)t + 1)=3 | Z*(1)[2.

So in any case the set of periods of (t) is similar and this implies that the length spectrum on
(Hp, go) or (Qn, go) is preserved under the metric in (2.3) and (2.6). O

Definition 9. Two Riemannian manifolds M; and M, are said to have the same marked length
spectrum if there exists an isomorphism (called a marking) 7" : m(M;) — m(Mz) such that,
for each v € (M), the collection of lengths (counting multiplicities) of closed geodesics in the
free homotopy class [y] of M; coincides with the analogous collection in the free homotopy class
[T(7)] of My, ie. I(T,.(C)) =1(C) for all nontrivial free homotopy classes of closed curves in M,
where T, denotes the induced map on free homotopy classes.
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Definition 10. Two Riemannian manifolds (M, g;) and (Ms, g,) are said to have C*-conjugate
geodesic flows if there is a C* diffeomorphism F : S(My, g1) — S(My, g2) between their unit
tangent bundles that intertwines their geodesic flows i.e., F'o G}, = G}, o F' where G, and
G4y, are geodesic flow of My and M, respectively.

Remark 3. C*-conjugate geodesic flow relation between Riemannian manifolds is a transitive
relation.

Definition 11. A compact Riemannian manifold M is said to be C*-geodesically rigid within
a given class M of Riemannian manifolds if any Riemannian manifold M; in M whose geodesic
flow is C*-conjugate to that of M is isometric to M.

Definition 12. (a) Let I' be a uniform discrete subgroup of a simply connected nilpotent Lie
group N. An automorphism ® of N is said to be I'-almost inner if ®() is conjugate to ~y
for all v € I. An automorphism is said to be almost inner if ®(x) is conjugate to x for all
x € N.

(b) A derivation ¢ of the Lie algebra N corresponding to a Lie group N is said to be I'-almost
inner (respectively almost inner) if ¢(z) € image(ad(x)) for all x € logl" (respectively for

all x € ).

Theorem 3.1. The spectrum and the marked length spectrum on a compact nilmanifold are
preserved under the Ricci soliton.

Proof. If g(t) = ¢} go is the Ricci soliton on a compact nilmanifold (I'\ N, go), then

(¢1) - S(C\ N, ¢"g0) = S(I'\ N, g0)

is a diffeomorphism intertwining their geodesic flows. Therefore (I' \ N, ¢*go) and (I'\ N, go)
are C*—conjugate geodesic flow whenever ¢; is C**1. On the other hand according to [12],
if (I'\ N,g) and (I' \ N*,g*) are compact two-step nilmanifolds and if F' : S(I'\ N,g) —
S(I'*\ N*, g*) is a homeomorphism intertwining their geodesic flows, then there exists a I'-almost
inner automorphism ® of N such that (I'* \ N*, ¢*) is isometric to (®(I') \ N, g), also (I'\ N, g)
and (®(T") \ NV, g) are isospectral. Therefore, there exists a I';-almost inner automorphism @,
of N such that (I' \ N, go) is isometric to (®,(I') \ N, ¢;go), and the manifolds (I' \ N, go) and
(I'\ N, ¢*go) are isospectral. Moreover, according to [9], two compact two-step nilmanifolds
(I'\ N, g) and (I'* \ N*, g*) have the same marked length spectrum if and only if there exists a
[-almost inner automorphism ® of N such that (I'\ N*, g*) is isometric to (®(I") \ IV, g). Hence,
the manifolds (I'\ N, p*go) and (I'\ N, go) have the same marked length spectrum. O

Theorem 3.2. The geodesical rigidity on a compact nilmanifold of Heisenberg type is invariant
under the Ricci soliton.

Proof. 1f g(t) = ¢} go is the Ricci soliton on a compact nilmanifold (I'\ N, go), then
(1) : ST\ N, ©"g0) = ST\ N, go)

is a diffeomorphism intertwining their geodesic flows. (I'\ N, go) is of Heisenberg type. Let
(M, g) is an arbitrary compact nilmanifold such that (I'\ N, ¢*go) and (M, g) have C°-conjugate
geodesic flow such that

F S(F\N,gp*go) - S(M,g),

then
Fo((p).)™ s S(D\ N, go) = S(M, g)
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is a C? diffeomorphism between S(I'\ N, go) and S(M, g) intertwining their geodesic flows. On
the other hand as in [12], compact nilmanifolds of Heisenberg type are C°—geodesically rigid
within the class of all compact nilmanifolds. Hence, the manifold (I' \ NV, go) is isometric to
(M, g). Moreover (I'\ N, ¢*gg) is isometric to (I' \ N, go), hence (I' \ N, p*go) is isometric to
(M, g). This implies that (I'\ N, ¢*go) is CY—geodesically rigid within the class of all compact
nilmanifolds. [
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