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Abstract

The Ruelle zeta function, originating from the field of dynamical systems and related
to differential geometry and spectral theory, is the focus of our study on compact oriented
Riemannian surfaces ¥ of constant negative curvature. Using a previous result by Chaubet
and Dang that links the dynamical torsion to the normalized coefficient of the Ruelle zeta
function at zero, we compute the torsion of finite-dimensional resonant states. Specifically,
we determine the torsion to be det(M)h, where the automorphism M acts on a basis of
the de Rham cohomology group H'(X) and h is a fixed element of det(H?®), independent
of surface perturbations. This computation provides a rigorous expression for the torsion
in terms of the geometric and dynamical data of the surface, informing future research for
surfaces of variable negative curvature.

Summary

We consider surfaces, which are two-dimensional objects that look like a plane in small
regions around every point but may have a complex overall structure, like a sphere or a torus.
We aim to better understand surfaces with constant negative curvature, which resemble a
saddle shape. Using a result that links the Ruelle zeta function evaluated at zero to a property
of the surface called dynamical torsion, we directly compute the torsion associated with our
surface. This allows us to observe how the coefficient of the Ruelle zeta function changes
with different surface modifications. Future directions of our research include applying our
methodology for surfaces of variable negative curvature and higher-dimensional objects.



1 Introduction

A common feature of zeta functions is that they encode information about structures
and are usually related to the established “points of interest” of various associated objects.
In general, zeta functions are special functions that arise in number theory, combinatorics,
and mathematical physics, capturing significant properties of these areas. In this paper, we
examine the Ruelle zeta function [I], which originates from dynamical systems but also has
connections to differential geometry. The Ruelle zeta function is defined analogously to the
Riemann zeta function, replacing primes p with primitive closed geodesics (Figure [1)).
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Figure 1: A double torus with examples of primitive closed geodesics [1]

Definition 1.1. Let (3, g) be a compact oriented Riemannian surface of negative curvature
and let G be the set of primitive closed geodesics on ¥ (counted with multiplicity). For v € G
denote by [, its length. The Ruelle zeta function (g : C — C is defined as

Ca(s) = JJ(@—eh).

vEG

We can extract topological information from the Ruelle zeta function, namely, the Euler
characteristic (x ), which describes the structure of a topological space. The Euler character-
istic is connected to the genus g, or the number of “holes” a surface has, by the relationship
X = 2—2g. For example, a sphere has x = 2, while the double torus in Figure |l has y = —2.

For a Riemannian surface (X, g) of negative curvature, near s = 0, the following holds

Cr(s) = (c+ O(s))s‘X(E),

where y(X) is the Euler characteristic of the surface . This result was previously shown only
for surfaces of constant negative curvature [2] and later extended by Dyatlov and Zworski
[3] to all Riemannian surfaces of negative curvature.

Definition 1.2. We define the dynamical torsion 1y [4] as the product
() = T(C1To) TV x lim s Gp(s)
N e’ S—>

finite dimensional torsion .
renormalized (r at s=0

dim(M)—1

where ¢ is a contact form on X, while X is the Reeb vector field of ¥, and ¢ = 5 is

the dimension of the unstable bundle of X.

The torsion 7(C*, T'y) =" of a finite dimensional complex C*, a collection of vector spaces,
will be an element of the det H*(M, p) (see Section and may vary under perturbations
of surface ¥. However, the next result by Chaubet and Dang [4] actually shows that the
dynamical torsion remains constant under perturbations.



Theorem 1.1 (Chaubet and Dang [4]). Let (£,9) be a contact manifold such that (V;)re(—c,e)
1s a smooth family in the space of contact forms on ¥ whose Reeb vector field induces an
Anosov flow. Then 0.log Ty, (p) =0 for any p € Rep..(X,d).

We compute the torsion at ¢ = 0 for a surface of constant negative curvature, arriving
at our main result, Theorem [1.2] which expresses torsion in terms of M, an automorphism
of a de Rham cohomology group H'(X) of differential 1-forms on 3, and a fixed element h
of the determinant line of the cohomology H*(SY). Rigorous definitions will be provided in
Section 2.6

Theorem 1.2. Let (¥ = Xg,9) be a compact oriented Riemannian surface of constant
negative curvature. Then 7(C®,T'y)|i=o = det(M)h.

In Section [2| we introduce and formalize definitions relating to Fourier analysis, geodesic
flow, differential forms, and dynamical torsion. In Section [3| we perform computations
motivated by Section to show properties of vector fields related to geodesic flow and
ultimately compute how automorphism M acts on a basis of de Rham cohomology group
H'(X). In Section [4 we present our conclusions and directions for further research.

2 Preliminaries

Let (3, g) be a compact oriented Riemannian surface with constant negative curvature.
Denote by S the sphere bundle of (3, g), that is,

SY ={(z,v) € TY : |v|g) = 1},
where TY is the tangent bundle of X. Locally, S¥ looks like W x S!, where W C Y is a
local coordinate chart on ¥ and S* is the 1-dimensional circle.
2.1 Harmonic analysis

We introduce the notation for Fourier coefficients of a function f on SX.

Definition 2.1. For a function f:S¥ — C, let
1
fk(a:) = / f(z,0)e7™*d9 and  fi(z,0) = fre™. (1)
0

We thus have

f=> I

k=—o00

2.2 Geodesic flow

Using conventions identical to [3], 6], we consider X to be the vector field that generates
geodesic flow on SX. We also consider horocyclic vector fields U,, U_ on S¥. We further
define 1 1
X, = §(U+ +U_) and V:= §(U+ —-U.).



We consider [A, B] = AB — BA to be the commutator of A and B. It has been shown [J]
that X, Uy, U_, X, and V satisfy commutation relations

[XaU:I:] :j:U:i:a [X7V] :XLa [Xin] :‘/Y?

which will be useful in showing Lemma

We also define vector fields ny = 2(X +4X ), which behave in a special way in relation
to Fourier coefficients. If Dy = {g € Q°(SY) | Vg = ikg} for k € Z, then f; € Dy for all k
as seen in [5]. Furthermore, if f; € Dy, then n, fi, € Dyyq and n_ fi, € Dy_1 as shown in [5].

2.3 Hodge star operator and harmonic 1-forms

Consider z = x; + izo. It is then intuitive to define dz = da! + ida?, dz = da' — idx?,
0. = +(0y, — 10,,), and 9z = 1(0,, + 10,,). Then dz and dz span Q' ().
We define x : Q1(X) — Q'(X) to be the Hodge star operator, as in [7].
Definition 2.2. Given 1-form w = gdz 4 hdz, define
*w = —igdz + thdz.
Remark. In general, for n-dimensional manifolds M, the Hodge star x takes elements of
QF (M) to Q *(M).

Example 2.1. On 2-dimensional X, it can be shown that xdz! = da? and xdz? = —dz?.

Definition 2.3. We say that form w is holomorphic if 0;w = 0, and that w is anti-
holomorphic if 0w = 0.

From Definition 2.2 we can see that for holomorphic forms w, we have xw = —iw, while
for anti-holomorphic forms w, the opposite holds: *w = iw.

Definition 2.4. A 1-form w is harmonic if and only if dw = d(xw) = 0.

2.4 Projections, pullback, and pushforward on S and 5%

To relate points and differential forms between the manifolds S and S, we introduce the
operators of projection, pullback, and pushforward, which enable the transfer of geometric
and analytical information across these surfaces.

Definition 2.5. We define projection map 7 : S3 — ¥ such that for a point (z,6) in SX,

we have 7(x,0) = x.

Definition 2.6. For a 1-form w on ¥, the pullback 7*(w) of w is a 1-form on S¥ such that
(W*W)Yxoﬂo = Wxq (dw|dfo,90Yx0,90)

for all vector fields Y.

Alternatively, if w = f(z)dz' + g(x)dz?, we can write
(m*w) = f(m(z,0))dz" + g(7(x,0))dz>.



Definition 2.7. For x € X, the pushforward 7, : Q*(SY) — QF1(X) is defined as
(T (W) = / io,, (w)da! +/ ia,, (w)da2?.
S

Sz

Definition 2.8. Define 1-form contact form o € Q'(SY) as acting on vector fields Y as

follows:
&(10790)(}/210,90)) = <U(60)7 dﬂ-‘woﬁo (Yv(270,90))> .

Alternatively, we can write

o = cos fodx’ + sin Opdar®. (2)

2.5 Harmonic 1-forms and resonant states

We know that 7* : H'(X) — H'(SX) is an isomorphism [3, Lemma 2.4]. Combining this
with [3 Lemma 3.4], we can establish a isomorphism between harmonic 1-forms w on ¥ and
resonant states u on SX.

Lemma 2.1. For a harmonic 1-form w € QYX), there exists a unique resonant state
u € QYSY) such that u(X) = w(U_) = 0. Moreover, this resonant state can be written

as
u="m"w+df

for a function f on S¥X.

2.6 Dynamical torsion and torsion for a complex chain

A finite-dimensional cochain complex (C*, d) can be thought of as a chain of vector spaces
and has the form

€ 0):0-L 0L ot 2. Lo 2y,
where C7 are finite-dimensional vector spaces.
In Definition [1.2] dynamical torsion is defined as the product of finite-dimensional torsion
of the de Rham cochain complex and the renormalized Ruelle zeta function at s = 0. From

Theorem we see that dynamical torsion does not change with small perturbations to the
surface . We consider complexes of differential forms on S and SX

Co(E) 1 0 -5 Qp(2) -5 04 (8) -5 0u(2) -5 0
and o d d d d
Co(S%) : 0 — Qp(S%) — N (%) — N (SE) — Q3(S%) — 0.
Definition 2.9. A form w € Q¥(M) is closed if dw = 0 and ezact if w = df for some f € QF1(M).

Since d? = 0, all exact forms are closed.
Let H*(M) be the de Rham cohomology groups [3, 4], which are the quotient of the space
of closed forms by the space of exact forms, so
QF(M) | du =0
{dv|v e Q-1(M)}




The dimensions of vector spaces H”,
bi(M) := dim H*(M),
are called k-th Betti numbers. If the genus of 3 is g, then b;(X) = b1(SX) = 2¢ holds [7].

Let H*(M) = @3, HI(M).

The determinant of a vector space V' is a one-dimensional vector space det(V) = A4V [l]

Definition 2.10. We define the determinant line of a complex C* by

det(C*) ®det )

In the case of complex H*(SY),

det(H*(S%)) = det (H*(S%)) @ det (H'(S%)) ™' ® det (H*(SY)) ® det (H*(SX)) .
Define chirality operator I' : H¥*(SY) — H*7%(SY) as a linear map:

1 = aAnda

u—>aANu

aNuU— U

aANdoa — 1.
We have that

e 7* is an isomorphism between H'(X) and H'(SY),
e ['is an isomorphism between H'(SY) and H?(SY),

e T, is an isomorphism between H?(SY) and H'(X) (Figure [2).

\/M

Figure 2: Isomorphisms between de Rham cohomology groups

We start by considering a basis {wj}?il for H'(X). We can construct u; = 7*w; + df;
in H'(SY). Since 7* is an isomorphism, {uj}f»g:l is a basis of H'(SY). We can say that
u; = m*wj, since if two objects in H'(SX) have a difference of df;, an exact form, they are
in the same equivalence class.

'Here, we use A in place of A to avoid confusion with the notation we later use for the wedge product of
differential forms.



Now, {F(Uj>}32‘g=1 = {a A uj}iil is a basis of H%(SY). Finally, {m.(a A uﬂ}?il is a basis
back on H'(X), so it must equal to the original basis {wj}?gzl.
Using the definition of torsion in [4],

T(Co(SE), 1) = 1@ (ur A ... Augy) ' @ (@ Au) A .o A(aAug)) @ (aAda)™.

1

We know 7, is an isomorphism, so 7, " is well-defined. We can then fix an element h of

det(H*(SD)):
h=1® (T A ... Am*wa,) ' @ ((m7'wi) A o A (7 way)) ® (@ Ada)™

We look at what happens if we deform the surface ¥ with time ¢, giving us surfaces >
for t € (—¢,¢). Since h is an element of the determinant line det(H*(SX)), 7 = Atk for some
A € C.

We can pick a basis for H'(X) to contain g holomorphic and g anti-holomorphic forms
{dh},... ,dhi,dh! |, ... dh?,}. We can consider how themap M = m,oTor*: HY(X) — HY(X)
(Figure|2)) acts on the basis we just picked. To do this, we will focus on one specific 7, (aAu;),
and we express it in terms of dh) and dh’ | in Proposition .

3 Computing dynamical torsion

We aim to understand the Fourier coefficients f; and f_; of a function f with the prop-
erties in Lemma [3.1]

Lemma 3.1. For a holomorphic w € QY(X), the following properties hold:
(3.1.1) V[(7*w)(X)] = i(m"w)(X),
(3.1.2) n_[(m°w)(X)] = 0,
(3.1.3) (m*w(U-) =i(m*w)(X).
Proof. 1t is known [0] that for all 1-forms 5 and vector fields Y7, Y5,
dp = Y1(BY2) — Ya(BY1) — B([V1,Y2]). (3)
From taking (Y7, Y5) = (V, X) and = m*w in (3)), we can get V ((7*w)(X)) = —(7*w)(X ).
To show Property , we see
V((mw)(X)) = —(r"w)(X1) = —(7" (w))(X) = i(7"w)(X).
To show Property [(3.1.2)], from considering (V3,Y5) = (X, X ) and 8 = 7m*w (3), we have
X(m"w) X)) — X, ((m"w) (X)) = 0.
Applying 7w (X ) = 7*(*w)(X), we have
X (" (30)) X) — X (") (X)) = 0

To show Property ,
(Tw)(U-)f = (Tw)(XL = V) [ = =(7"w)(X1) = i(7"w)(X).



]

Recall that there is a one-to-one correspondence betweeen harmonic one-forms on ¥ and
resonant states on S (Lemma [2.1)).

Lemma 3.2. Let u = 7w + df be a resonant state for a harmonic 1-form w on . If

w = dhy + dh_y, where hy and h_y are holomorphic and anti-holomorphic respectively, then
fi = =2(x"dh,)(X) and f_; = —2(x"dh_1)(X). (4)

Proof. We can express f on S¥ as an infinite sum using Fourier series (Definition :
Fla,0)=>" fie™ =" f (5)
kEZ keZ

For convenience, define a = (7*w)(X). Then, we have X f = (nyn-)f = —a. We start
by substituting the Fourier series representation of f in into property (ny +n-)f = —a:

S onifitn-fr=—a.

keZ
We can conclude

{77+f0 +n_fo=—a (k=1), (6a)
Nfr1 +0-frr1 =0 k#1 (6b)
By performing the same substitution for property |(3.1.3)|, we can analogously conclude
{ﬁf2—77+f0—f1 =a (k=1), (7a)
Nfros1 — N+ fo1 —kfr =0 k#1L (7b)

We subtract equalities and to get
2-nyfo+ fr=—2a. (8)

From adding and subtracting the equalities and we get

=204 fe—1 = 20— frt1 = k fi.
If we take k =0, we get n_f1 =nyf 1 =0.
Now, we use an important property of n_ and n,: n-n.fo =0 = n fo = 0. If we
apply n_ to Equation , we get
2n-nyfo+n-fi = —2n-aq,

where we can notice that n_f; = 0, n_a = 0 (Property |(3.1.2))), so n_n; fo = 0 and we can
apply the property. Finally, from cancelling out the n, fy term in Equation [8| we get

f1 = —2a.

Therefore,

f1=—=2(r"w)(X) = =2(7*dhy)(X).
For w = dh_, where h_; is anti-holomorphic, by similar computations we can show that
fo1 = —2a = =2(r"dh_1)(X).
m



Lemma 3.3. If f is a function on S,
m(a A df) = S fidz = 5 fadz, (9)
where z = x1 + 1x2 and fk is the k-th Fourier coefficient.

Proof. First, we find a A df. Recalling the definition of « in Equation [2]
a A df = (cosfdz' + sinfda®) A (0, f)da' + (0, f)da® + (Do f))
= (cos 0(Dy, f) — sin0(0,,))dx' A dz® + cos 0Dy f)dz" A df + sin 0(y f)dz* A db.
(10)
To find m.(a A df )., a 1-form on W, it is sufficient to compute how it acts on 0, and 0,,.

(@A), 0n) = [ in, (0 0 )

T

By substituting in the expression for a A df found in Equation [10] and simplifying,
:/ cos0(0y f)db
S

1
By performing integration by parts and applying the identity sinf = % (ew — e‘ia), we
conclude

(.o N df), (@) = o (Fr— ). (1)

For x5, we can analogously show that

(0 AP, (0) = [ in (o ndf)

x

_ / sin 0(0 f)d0
s

Z—% (f—1+f1>. (12)

If we combine the results in Equations (11| and , and substitute dz = da! +idx?, we get
the desired result:

m(a Adf) = 2%(]?1 — f)dz' — %(fl + fi)da® =

15 15
= §f1d2 — §f,1d§

O
We combine Lemma B.2] and Lemma [3.3] to achieve the next result.
Proposition 3.4. For 1-form a and resonant state u,
(@ Au) = —idhy + idh_;. (13)

Proof. We start by reducing m,.(« A u) to a known expression,

T Au) =m(a A (T'w+df)) = m(a A 7°w) + T (a A df ) = m.(a A df).



In Lemma 3.3} we found 7, (a A df), so we conclude
[ [
m(aAu) = §f1dz — §f_1d§.

T Au) = %fle*wdz - %f_lewdf.
We can finally substitute the coefficients f; and f_; found in Lemma as below,

(—2(r*dhy)(X)) e~ 0dz — % (—2(r*dh_1)(X)) edz

= —idhy +idh_1,

achieving the desired result. O

m(aAu) =

N | =

3.1 Finding the value of det(M)

We have just shown that M(dh;) = —idhy for holomorphic dh; and M(dh_y) = idh_4
for anti-holomorphic dh_;. In the basis ({dhl,...,dh,dh,... dh?,}) of H'(X) discussed
in Section we can consider M to be a 2g X 2¢g matrix, where g is the genus of our original
surface ¥ and 2g the dimension of H*(X). Then,

—i 0 0 0 0
0 —i 0 0 0

M=]|0 o0 —i 0 0],
0 0 0 0
0 0 0 0 i

or M;; = —ifor 1 <i<gand M,; =1 for g+ 1 <i < 2¢. From here, we can see that
det(M) = 1.

4 Conclusion

In this project, we computed the torsion of finite-dimensional resonant states, linking the
dynamical torsion to the coefficient of the Ruelle zeta function at zero for surfaces of constant
negative curvature. This understanding not only reveals the specific case of constant negative
curvature but also lays the groundwork for extending our methodology to dynamical torsion
for surfaces of variable curvature. Additionally, our approach holds potential applicability
to higher-dimensional manifolds, informing future research in more complex geometrical and
dynamical contexts.
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