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We study the spectral determinant of the Laplacian on finite graphs characterized by their
number of vertices ¥ and bonds B. We present a path integral derivation which leads to two
equivalent expressions of the spectral determinant of the Laplacian in terms of either a V'x V'
vertex matrix or a 2B x 2B link matrix that couples the arcs (oriented bonds) together. This
latter expression allows us to rewrite the spectral determinant as an infinite product of contri-
butions of periodic orbits on the graph. We also present a diagrammatic method that permits
us to write the spectral determinant in terms of a finite number of periodic orbit contributions.
These results are generalized to the case of graphs in a magnetic field. Several examples
illustrating this formalism are presented and its application to the thermodynamic and transport
properties of weakly disordered and coherent mesoscopic networks is discussed.  © 2000
Academic Press

1. INTRODUCTION AND MAIN RESULTS

This work is devoted to the study of the spectral properties of the Laplacian
operator on finite graphs. This problem already has a long history. The properties
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of the Laplacian describing free electrons on networks made of one-dimensional
wires have been investigated in the context of organic molecules [ 1]. Subsequently,
this approach has proved useful for studying superconducting networks using
linearized Ginzburg—Landau equations [ 2], the vibration properties of fractal structures
such as the Sierpinski gasket [3], the adiabatic conductances of a network in an
inhomogeneous magnetic field [4, 5], or the behavior of disordered systems in a
magnetic field [ 6-11]. More recently, it has been shown [ 12-14] that the Laplacian
on graphs provides an interesting framework for studying the onset of quantum
manifestations of chaos. In these examples, the quantity of main interest is the
spectrum of eigenenergies of the Schrodinger equation, or the diffusion equation,
defined for each wire of the network with appropriate boundary conditions at the
vertices. Finally we should also mention the relevance of the spectral determinant
of the Laplacian on graphs in the context of statistical field theory and more
precisely for the problem of the triangulation of random surfaces. There, the corre-
sponding homology and (dual) cohomology groups provide the corresponding
graphs over which the Laplacian is defined [15].

The problem of the spectrum of graphs has been also investigated thoroughly in
the mathematical literature [ 16-20a]. The more specific question of deriving a trace
formula for the heat kernel (partition function) of the Laplacian operator on a
graph has been studied by Roth [21, 22].

Let us start by recalling some already known results. The partition function Z(t)
of the scalar Laplacian operator A with appropriate boundary conditions is defined
as

Z(t)=Tr{e"}. (1)
Evaluating the trace over a set of eigenstates of — 4 of eigenvalues E,, we obtain

=) e 5 (2)

The spectral determinant S(y) is formally defined by S(y) =det(—4+y)=11,(y+ E,)
up to a regularization independent of y. It is such that

fo dt Z(y e =2 s(y). (3)
0 dy

On a graph in the presence of a magnetic field, a compact form for the determinant
of the operator y — (d, —iA(x))? has recently been obtained [11],

S(y) =y =2 ] sh(y/7 L) det(M), (4)
(af)

where V' is the number of vertices, B is the number of bonds, and /.4 is the length
of the bond (af). M is a V' x V' matrix whose elements are [2, 6, 7, 11]
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=Y coth(\/y L) (5)
i=1
ewmﬂ ) )
M ;= if (af)is a bond
\/ Lup)
=0 otherwise, (6)

where the summation is taken over the m, neighboring sites of the vertex a. 04, =
f % A(x) dx is a phase equal to the circulation of the vector potential A(x) along the
bonds (af). This expression has been obtained by a calculation of Green’s function
on the graph. The derivation is recalled in Appendix A.

Although it is well known that the spectrum of the Laplacian on a graph is given
by the zeros of det(M(y= —FE))=0[1, 2, 5], formula (4) is richer since it contains
non-trivial multiplicative factors which depend on y. If the relation of S(y) to the
matrix M(y) allows a very simple determination of the spectrum, it cannot help to
understand the structure of the spectrum in terms of periodic orbits on the graph.
To do so, it is more convenient to introduce a “link matrix” E whose elements
E () relate oriented bonds () and (uv). This 2B x 2B matrix is defined as!

E(aﬂ)(;m—* Tl if f=u (7)
<2 >eﬁ1uﬂ+i0u/, if {ﬁ:ﬂ (8)

m =y
=0 otherwise. 9)

The spectrum is now given by det(1 — E(y)) =0. The trace expansion of det(1 — E)
leads to a description of the spectrum in terms of periodic orbits [ 13].

Finally, a trace formula has been obtained by Roth, which expresses the partition
function as a contribution of such periodic orbits,

Z(t) = L VY-8, ! Y U(C) a(C) e 1O, (10)

2. /nt

where the sum runs over closed orbits C on the graph. C is the primitive orbit
associated with C. The geometncal factor a(C) will be defined in Section 6.

We now give an overview of the paper and describe rapidly our main results. In
Section 2 we recall briefly how transport and thermodynamic properties of weakly
disordered and coherent conductors can be related to the spectral determinant [ 8-10].

! The matrix E is the same as the matrix Sz in [13].
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In particular the weak-localization correction to the conductance is a physical measure
of the spectral determinant.

After having set up the notation and definitions in Section 3, we present in
Section 4 a path integral formulation for the calculation of the spectral determinant
of the Laplacian on a graph. It allows us to obtain an expression of the spectral
determinant in terms of the vertex matrix (5) and (6). The interest of this approach
relies on the fact that the path integral on each bond involves the propagator of a
two-dimensional harmonic oscillator for which the role of time is played by the
length along the bond. This problem corresponds to a zero-dimensional Gaussian
field theory, so that the path integral is easily calculated using standard quantum
mechanics. This approach has many advantages, such as allowing a simple generaliza-
tion to other types of boundary conditions, or permitting very easily the elimination
of vertices of coordination 2 (Appendix C).

In Section 5, we derive a dual and equivalent expression of the spectral determi-
nant in terms of the link matrix (7) and (8):

S(p) =y =BV rt <nma> 277 det(1 — E(7)). (11)

By a trace expansion of the determinant det(1 — E), we find in Section 6 the result
S(p) == (H m) 27 [[(1—a(C) e V1O (12)
a c

which allows us to recover the Roth trace formula for the partition function (10),
demonstrating the equivalence between (4) and (10). The trace formula (12) for the
spectral determinant involves the contribution of an infinite number of periodic
orbits C and bears some similarity to the Selberg trace formula [23] or the semi-
classical trace formulae for chaotic Hamiltonian systems [ 24]. In Section 7 we show
that the spectral determinant involves the contributions of a finite number of periodic
orbits only. This provides a diagrammatic method for computing the determinant.
This method is applied to a particular example.

In Section 8 the path integral formulation is shown to be a good starting point
for generalizing these results to the case where a magnetic field is applied to the
network. In this way we obtain a generalization of the Roth formula (10). Sections
9 and 10 discuss how to extend the previous results to the case of more general
boundary conditions, and provide a discussion of the low-energy behavior of the
spectrum and the existence of zero modes, respectively.

Section 11 discusses the scattering problem when the graph is connected to an
infinite lead. In this case the relevant information is contained in a phase shift which
is shown to be related to the ratio of two spectral determinants calculated with
different boundary conditions. Finally, Section 12 gives an illustration of the
formalism for the case of the complete graph K,,.



14 AKKERMANS ET AL.
2. PHASE COHERENT PROPERTIES OF DISORDERED CONDUCTORS

In this section, we briefly recall how transport and thermodynamic properties of
weakly disordered and coherent conductors can be related to the partition function
Z(t) or equivalently to the spectral determinant S(y). A more detailed derivation
can be found in Refs. [8-10] and references therein. These expressions are quite
general and are not specific to graphs. But their calculation on any network made
of quasi-one-dimensional diffusive wires is straightforward with expression (4) [11].

The first step is to write the physical quantities in terms of the classical return
probability P(r, r, ¢) solution of the diffusion equation (we set A=c=1)

%—MV+MAV<Hnﬂﬂ=&rﬁ% (13)

where —e is the electron charge and D is the diffusion coefficient. In the other
sections of this paper, we have set —2e =1 and D =1. The return probability has
actually two contributions, a purely classical P, which is the solution to Eq. (13)
with A =0 and another one P, which is the result of constructive interferences
between electronic propagators associated with time-reversed trajectories. This
second contribution exists only when the system is phase coherent. In the presence
of a magnetic field, time-reversed trajectories accumulate opposite phases. This is
why P, obeys Eq. (13) with an effective charge 2e [25]. In this section, we use a
unique notation for the two contributions.
The solution of the diffusion equation (13) has the form

P(r,x', t) Z W, (r ) e =, (14)

where 0y(?) is the Heaviside function. The eigenvalues E, and the eigenfunctions ,,
are solutions of

—D(V +2ieA)* Y ,(r) = E, ), (r). (15)

The integral over the whole space of the return probability is precisely the partition
function of the Laplace operator —A4, or —(V + 2ieA)? in a magnetic field, namely

Z(1) = jmprrz Ze ) (16)

As recalled in the Introduction (Eq. (3)), the Laplace transform of Z(z) is related
to the spectral determinant S(y).

The electrical conductivity is a current—current correlation function and is expressed
in terms of products of two electron propagators. These propagators have uncorrelated
phase factors which cancel after disorder averaging. This corresponds to the classical
Drude-Boltzmann conductivity ¢,=e%Dp,, where p, is the density of states at
Fermi energy. However, pairs of time-reversed trajectories have the same action
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and thus the same phase. This constructive interference leads to an additional
contribution to the conductivity, called the weak-localization correction [25],
which is proportional to the probability of having pairs of time reversed trajec-
tories, i.e., to the probability for a diffusive particle to return to the origin. The
correction can be written as

<Aa>=<a>—00:—2e Dj dt Z(1) e (17)

with Q being the volume of the system. The exponential damping at large time is
due to the breakdown of phase coherence because of inelastic processes. This break-
down is phenomenologically described by a characteristic time z,=1/y, related to
the phase coherence length® L, =./Dt,. A magnetic field or an Aharonov-Bohm
flux, by breaking the time-reversal symmetry, destroys the weak-localization correction.

In a mesoscopic system, i.e., with a typical size L smaller than L, the conductivity
is known to exhibit large variations from sample to sample, with a variance which
is universal in the limit L/L; — 0 and for a sample perfectly connected to leads. The
structure of this variance results from different phase correlations between four
electron propagators (two for each conductance). It can be shown that this variance
can also be written in the following compact form [9],

) 12¢* D? (oo e

057 =45 jo de 1 Z(1) e, (18)
where =1 if there is time-reversal symmetry and =2 in the absence of such
symmetry.

The magnetization due to the orbital motion of the non-interacting electron gas
is known as the Landau magnetization. Taking into account electron—electron
interactions in the Hartree—Fock picture gives an additional contribution, known as
the Aslamasov—Larkin correction [26]. The structure of this correction implies the
product of four wave functions, i.e., two local density of states whose disorder-
averaged product can be related to the Fourier transform of the return probability
P(r,r, 1) [27]. After spatial integration, one gets

Ao O e "
(M= —f@j di Z(1, #) (19)

where 2, is the dimensionless interaction parameter.> 4=V x A is the magnetic
field.

2 Integrals (17)~(20) may not converge at small time. In this case the lower bound of the integral
should be the elastic time 7., the smallest time for diffusion.

3 Considering higher corrections in the Cooper channel leads to a ladder summation [ 26, 287, so that
/o should be replaced by A(f) = 1o/(1 + Ao In(ext)) = 1/In(Tyt), where T, is defined as Ty =eze'/%. The
authors of Ref. [29] found A(¢) = 1/In(ext).
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Finally the fluctuations of the magnetization {dM?>, defined as (M?> = M?>
—{(M>2, can also be written in terms of field derivatives of Z(t). Neglecting
electron—electron interactions, the magnetization is proportional to the density of
states. Thus the fluctuations of the magnetization involve the two-point correlation
function of the density of states which has been shown by Argaman et al. [30] to
be related to the Fourier transform of ¢Z(¢). One obtains

—yt

1 [ee)
oM =35 fo dt [ Z2"(t, B)— Z"(1,0)] % (20)

where Z"(t, B) = 0°Z(t, B)/0B>.

Using standard properties of Laplace transforms, the above time integrals can be
written as integrals of the logarithm of the spectral determinant, so that the physical
quantities described above can be written as [ 11]

2¢*D 0
12¢* D* 02
(00% = =4 5 i 0 SU) (22)
2 1 “ az B
OM? =55 | dn(y=71) aln SO (23)
4
Ao [® 0
(Mo>="2 [ dyy o In (). (24)
Y

When the integrals do not converge at the upper limit, this limit should be taken
as 1/t,, where 7, is the elastic time.

3. DEFINITIONS AND NOTATION

Consider a graph ¢ which consists of a set of V" vertices linked by B bonds. Its
adjacency matrix a,, is a square matrix of size V, where a,;5=1 if a bond joins the
vertices « and 8 and 0 otherwise (in particular a,, =0).* The coordination of vertex
« is m, =Y pa,.s. Each bond («f) of length /4 is identified with a finite interval
[0, l.5] € R. The total length of 4 is L =3 pondsup) lap = : 2w g Auples. We denote by
X,p the coordinate on the bond («f), starting from vertex « (it follows that x4, =
lup— Xop). A scalar function on % is a set of B-component functions g (X.z).

“If a given pair of vertices is linked by n>1 bonds, it is always possible to introduce additional
vertices (see Fig.9), without changing the nature of the graph, to go back to a situation where there is
only one bond between two vertices. However, the formalism that is presented in this paper can be easily
generalized to avoid this procedure and minimize the number of vertices by suppressing all vertices with
coordination 2. It is the purpose of Appendix C to discuss this point.
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When there is no possible ambiguity we will neglect to label the components. The
Laplacian on ¥ acts as the usual one-dimensional Laplace operator on each bond:

d2
(Alp)(aﬂ) :Kzﬂ l//(aﬁ)(xaﬁ)~ (25)

Its domain is the set of functions that satisfy the following conditions at the
vertices:

(1) continuity

Y ip)(Xap=0) =1, for i=1,..,my; (26)

(i) a second condition sufficient to ensure current conservation

2 iy Wiap(Xop, = 0) =0, (27)

i=1

where d, =d/dx and the f5;’s label the m, neighboring vertices of vertex «. The
scalar product is defined as

I(l
Wy =T [ dx () 9 () (28)

(ap) "0

In the search for the eigenvalues of the Laplacian, one may construct the wave
function of energy E=4k” in such a way that condition (i) is satisfied: V.4 =
(1/sin kl,g) (W, sin k(L5 — X,p5) + Y g sin kx,5). Imposing condition (ii) leads to the
system of V' equations 3" 5 M, 4(y = —k?) V=0, where M is given by (5) and (6).
The eigenvalues of the Laplacian are solutions of det(M(y= —FE))=01]1, 2, 5, 13].

It is useful to introduce some additional notions. An arc(af) is defined as the
oriented bond from « to . Each bond is therefore associated with two arcs. A path
on % is an ordered sequence of arcs such that the end of each arc coincides with
the beginning of the one that immediately follows in the sequence. Closed paths will
play a special role. The set of closed paths that only differ by a cyclic permutation
of the arcs will be called a circuit (or an orbit). Among all possible circuits we will
distinguish those that are primitive. A circuit is said to be primitive if it cannot be
decomposed as a repetition of any smaller circuit. The length of a circuit C will be
designated by /(C).

As an example, let us consider the graph of Fig. 1. This graph contains six arcs:
1, 2, 3 and the reversed arcs 1, 2, 3. (1,1,2,2) and (2,2, 1,1) are two different
paths, two possible representations of the same circuit. (1,1,1,1,1,1) is not a
primitive circuit but (1,1, 1,1, 1, 1, 2, 2) is indeed primitive.
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FIG. 1. A graph with four vertices, three bonds, and six arcs.

4. A PATH INTEGRAL DERIVATION OF THE SPECTRAL
DETERMINANT

An expression of the spectral determinant S(y)=det(—4+7y) in terms of the
determinant of a finite matrix has been derived in [11, 10] (cf. Appendix A). The
purpose of this section is to provide a more direct derivation of this result using a
path integral formulation. The spectral determinant may be written as

B -1
S(y) — det( A+ y) — <L @¢ @qge(1/2)§G,.aph¢(A+y)¢> , (29)

on Graph

where ¢ is a complex field defined on the graph %. The path integral is performed
over all fields satisfying the conditions (26) and (27) and the integral in the
exponential along all branches of 4. Since the field is continuous at each vertex the
path integral may be decomposed on each bond (af) as an integration over fields
that take fixed values ¢, and ¢, on the two sides of the bond

s = 11 dg.dg.

vertices a

Lg)= _
< [1 )= D DG e= VD T5P dx Fx) =i+ b0, (30)

bonds " #(0)=¢,
(af)

where d¢ dp = d Re ¢ d Tm ¢. This involves, after an integration by parts, the quantity®

dlp)=¢ _ ~
P G 9D § VDA = (/2 [ 112y 1612
(o) “#(0) =9,
V my
. _
=eXp <_2 Z ¢cx Z dxa/;,¢(xzx/f’-:0)>
a=1 i=1 '
dlp) =40 _ X
[T [ " 26 2§ eI astadi s, (31)
(o) “#(0) =9,
5> The notation > ap -+ and [],p --- means, throughout this paper, a summation or a product over

bonds (and not arcs).
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For the sum of boundary terms in the exponential we have replaced the sum over
the bonds by a sum over the vertices, a trick that will be frequently used through-
out the rest of this paper. Equation (27) implies that the boundary terms vanish.
The above path integral, involving a zero-dimensional Gaussian field theory, can
easily be integrated out using standard quantum mechanical techniques. On each
bond the path integral can be expressed in terms of the propagator of a two-dimen-
sional harmonic oscillator of frequency w =./y

-1 J"’(’“/’):d’/’ D DG e~ 255 dx (4,412 +7191%)

#(0)=¢,

=GPV (g, 0,) = Ol €™ CoPTEEI [, (32)

where ¢ =(Re ¢, Im ¢p) and .#; is a constant independent of y depending on the
precise normalization chosen in the definition of the path integral, or in other terms
on the choice of regularization made to define the determinant. In the following
we will drop this inessential normalization constant. Using the expression of the
propagator [31]

G2(¢, ¢') = WD (@2 sh(ox)(ch(@x)(92 +4'2) — 26 ¢') (33)

27 sh(wx)

one may re-scale the fields ¢, to extract a y-dependent factor,

Vv
St =922 [ 1] db, db, T] G s5,,(05. 6. (34)

a=1 (af)

where G.(0, d') =G~ (¢, ¢'). This expression will be used as a starting point for
the derivation of the following section. Using the V' x } matrix M introduced in
Section 1

M, = % coth(y/7 Ly, (35)

i=1

M,y if (aff)is a bond

1
sh(y/7 Lup)
=0 otherwise, (36)

we may express the determinant as

1 v _ _
S()~t=yE2 ] (L) J < [1 d4. d¢a> e W2 ZapbuMaply - (37)
(«B) 5

a=1
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After performing the integration over ¢, one finds

S<y>=(ﬂ) T sh( 1y) det(M), (38)
(af)

2n

which is the expression given in [ 11] (see Appendix A) up to an inessential numerical
factor (27)%~" that will be dropped in the following.

5. THE SPECTRAL DETERMINANT IN TERMS OF THE LINK MATRIX

Equation (38) expresses the spectral determinant as the determinant of a finite
V'x V matrix. The matrix M describes the topology of the graph, telling us which
vertices are coupled, and also contains the metric information. At this stage, the
metric and topological information are inextricably mixed. The purpose of this
section is to derive another expression of the spectral determinant in terms of the
determinant of a 2B x 2B matrix whose natural basis is the set of arcs (oriented
bonds). An advantage of this formulation is that it leads to an expansion of the
spectral determinant as a sum of terms that will be interpreted in the next section
as the contribution of periodic orbits.

Our starting point is expression (34). Since the y dependence of the determinant
is simple, one may set y=1 and recover the y dependence at the end. The first
step is to find a more convenient expression of the propagator in (34). To begin
let us cons1der the one-dimensional harmonic oscillator propagator g,(x, x')=
<x| e RN —di ) |1 ThlS propagator may be expanded over the eigenstates

=(1/n"*  /2"n!) H,(x) e~ V" of energies E,=n+1, where H,(x) are
Hermite polynomia]s Using the generating function of Hermite polynomials

)2 .
<o H,(x)(A"/n!) = e**~* the propagator may be rewritten as
—15/2
e b 2, 2
—(1/2
81, (X0, Xp) = e~ (120t xp)
v
s} 7n1“ N N
n 2x, Agg— A n 2xplp — A
Z 6 o wawe P20 a0 (39)

A re-summation of the series gives

o —lup?

2 2 — 2 2
e—(l/Z)(x“+xﬁ)e(l/2)e Ilﬁalaﬁaiﬁa e2xa'1aﬁ+2xﬂlﬂac_'laﬂ_'{ﬂa 4 _o-
afp> Mpa =

(40)

glaﬁ(xaa Xp) =
n

Writing the two-dimensional propagator as a product of one-dimensional propagators
G,aﬁ(ra, rg) = gza,,(xw Xg) g,aﬁ(ya, Vp) one is led to an analogous.expression for
G,aﬂ(ra, r4). For each bond one has to introduce two couples of variables (4,5, 44,)
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and (A, Ap,) associated to x,,xz and y,, ys respectively. Using the complex
notations z,=x,+ iy, and A,;= 21,5+ il (one recalls that 0, =3 (9, —id,)) one
eventually finds

e b

_ 2 2 1 = 1 > _ 2_ 2
Glaﬁ(zow Z[)’) — - e (1/2)(1z, | +|Zﬂ| ) @uﬁeza/lmﬂ+ZmAmﬁ+ZﬁA/?a+zﬁAﬁac |Auﬁ| |Aﬁa| , (41)

where (4 is the operator:

Cp= exp(e_lmﬁ(a/llﬁ azﬁm + 6/% aAﬂm ))|Amﬂ, Agy=0" (42)

Equation (41) shows that one has to introduce two variables 4,5 and A4g, per
propagator in (34); ie., each arc(aff) is associated with a 4 4.
From (34) and (41) it follows that

—L
S(y=1)"" =23—Ve7@ { I1 (e—lAaﬁlz—IAﬁmlz)
T (@h)

XJH (dp,, d, e=1/D M 167 + 721 oy + didag) | (43)
o

where the operator () =] ,4, C,4 is understood as acting on both terms that follow
it (one has multiplied (34) by the numerical factor (27)” =% to make it disappear
in the final result). Again, one has replaced in (34) the product over bonds by a
product over vertices. Integration over ¢, is then straightforward and leads to

B, ,—L
2 penten (44)

a Tt

Sy=1""=

where A is the 2B-component complex vector

A,
A,
A=| Ty, (45)
Ay,
and
A=Ay oo Argy | Aoy e g | =), (46)

in which the 4,, are grouped by vertices. The first group (A4, s Al%) is related

to the m, arcs a;, ,, ..., a,, issuing from vertex a = 1. In this basis, Q is a 2B x 2B

m
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block diagonal matrix (with V" blocks); it couples only arcs that start from the same
vertex

0, 0] o0 0
00, 0/---]0

0= 0,00, 0 |, (47)
0/0/0|---|0,

where each m, x m, sub-matrix Q, attached to a given vertex a has (2/m,)— 1 on
its diagonal and 2/m, everywhere else. Using a tensorial notation, one may write
the matrix element of Q between the two arcs (af) and (uv) as

2
O apyun) = Aop s Vo <m - 5,sv> , (48)

o

where J,4 is the Kronecker symbol; the connectivity matrices a,5 and a,, are here
to recall that («f) and (uv) are arcs.

The action of ¢ e1'21 is complicated because the argument of the exponential is
quadratic in the 4,4’s. This action would become much more simple on the exponential
of a linear form; this can be achieved by introducing an additional integration over
a 2B-component complex vector W

280 L ]
S(=1)7" = (1 ey g GO [ AWt eI A ag)
The action of ¢ is now simple by noticing that 9, 05 e +"' 1=y, w et W+ W',
AW+ wia o

To write the action of @ on e

, one has to replace 0 Ay by W,z and 0 Ay by Weg.
One finally ends up with

— —I_L -1 il —wto—lw+ wirw
S(y=1) _(1_[ m.) 728 det(Q™ ") | dW " dW e R (50)
o o n

where it is clear from the expression of (¢ that the matrix R couples only the arc
(af) to the time-reversed arc(fo). Thus, R may be written

—1,
Roapyun) = dopyn OO - (51)
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It is then straightforward to perform the Gaussian integration and get the final
expression for the spectral determinant

S(y) =y V=B L <ﬂ ma>23det(1 —E), (52)

where we have introduced E=(QR)" (the transposition is defined as (E") (s

=F ).
(uv)(ep)
Using this tensorial notation the product QR is particularly simple to perform
2 Yy
Eapyun) = CapynOpu | —=— Oy | €771 (53)
Mp

The spectral determinant is now given by the determinant of a 2B x 2B matrix E
whose basis consists of the set of arcs. Rewriting the matrix £ = D¢ one may clearly
separate a part ¢ that only depends on the topology of the graph

2
E(ap)uv) = AopuvO pu <mﬁ - 5uv> (54)

and a diagonal part D depending on the metric properties
D apyun) = Al O~ (55)

We end this section by mentioning the physical meaning of the different matrices
that appear in the derivation given above.

In order to simplify slightly our notation arcs will now be labeled by Roman
letters i, j, ... (i=(af)). The matrix E is then expressed as E,-j:sije’\/;’f. Our ¢;
coincides with the one introduced in [21]: &;=2/m, if the end of arc i and the
beginning of arc j are the vertex a of coordinence m,, ¢;=(2/m,)—1 if moreover
the two arcs are time-reversed, and ¢; =0 otherwise.

Following Kottos and Smilansky [13], one may take a scattering point of view
to construct the wave function on the graph. Let us consider first the set of arcs
ie{l, .., m,} starting at vertex a. On each arc i one writes the wave function as the
superposition of an incoming and an outcoming plane wave (see Fig. 2):

Vi(x)=A;e =% + B,e™, (56)
The scattering matrix s, at the vertex is defined as the matrix relating incoming to
outgoing amplitudes: B, =Y, (s,); 4, for i, je {1, .., m,}. Conditions (26) and (27)

lead to the following result: s, = Q,. On the graph, the 2B outgoing amplitudes are
then coupled to the 2B incoming amplitudes by [ 13]

B;=Y 0,4, (57)
J
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FIGURE 2

(matrix Q indeed couples arcs beginning at same vertex). The physical meaning of
the matrix Q is now clear: it describes the scattering by the J vertices. As in Section
3 we use the notation 7 for the time-reversed arc of i. Amplitudes of two time-reversed
arcs are related by the two obvious relations B;= A;e~* and 4,= B;e™" (due to the
fact that y,(x) = y;(/,— x)). Then one has B,=3"; 0,,¢™ B;. Using the fact that 0; =¢,
one finds that

Bf:z E;(y= —k?) B;. (58)

J

Then the state (56) of energy k2 belongs to the spectrum if det(1 — E(y = —k?)) =0
[20]. As equation det(M(y= —k?))=0, this equation gives the spectrum of the
Laplacian but not the y-dependent pre-factor of S(y).

6. A TRACE FORMULA

The result (52) is particularly suitable for deriving a trace formula that expresses
the determinant in terms of contributions of closed trajectories (orbits) on the graph.
Again we may set y =1 for the sake of simplicity. We may expand the determinant

o0

Indet(1—E)=— ) %Tr{E”} (59)

n=1

and write the trace as a sum of terms
— —(l + -+
Tr{E"} = ) & 160 & e " ), (60)
is e By

each of which is associated with a sequence of arcs that forms a closed path on the
graph. Following the notation of [21] one may attach the quantity

O((Cn)_s ¢ "'8ini] (61)

T iR



SPECTRAL DETERMINANT ON QUANTUM GRAPHS 25

to the orbit (or circuit) C, = (iy, i,, ..., i,,) composed of n arcs, and denote its length
by (C,)=1; + --- +1;. Each term of Tr{E"} corresponds to a path associated
with either a primitive orbit of n steps or k repetitions of a primitive orbit of p steps
such as n=k p. Primitive orbits will be labeled as C. A given primitive orbit of n
steps appears n times in Tr{ E”}, corresponding to the n cyclic permutations of the
indices that give the same orbit on the graph. On the other hand the term
associated to k repetitions of a primitive orbit C’I, appears p times corresponding to
the p different permutations of the indices that appear in Tr{E”"}. Using these
remarks, instead of summing over all paths of length n as in (60), one may sum
over the k-repetition of primitive orbits of length p provided that n=kp:

Tr{E"} = Y  pa(C,)rke G, (62)

k, 6‘ with n = kp

we have used the fact that if C, is a k-repetition of C then o(C,) = oc((~? )k and
I(C,) =kI(C,). Introducing this expression in (59) gives

In det(1— E) = =Y. Z )k e kG, (63)

Ckl

Instead of summing over n, k, and C with the constraint kp = n, one may sum over
all primitive orbits C and their k- repetltlon independently. This immediately leads
[32] to

Indet(1 — E n(l—a(C,) e "S)). (64)

QtM

One thus gets an expression of the spectral determinant in terms of an infinite
product over all the primitive orbits C, in infinite number,® that can be constructed
on the graph:

() =122 (Tm, ) 2- PTT( = (81O, (65)

A similar trace formula for the partition function was first derived by Roth [21].
It is indeed possible to recover it by starting from (65). The log-derivative of the
spectral determinant is equal to the Laplace transform of the partition function (3).
From (65) one gets

V-
2/ 2y 2\[21

% Note, however, that there are two trivial graphs for which one can construct only one primitive
orbit: the circle and the line.

5 Sin Sty e ke=kVAIO(66)
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where one has expanded the denominator coming from the derivative of the
logarithm that appears writing In S(y). It is then possible to group the two sums in
a unique sum over all orbits C, including the repetitions of the primitive orbits

L  V-B,
2y 2y2

In this summation, C demgnates the pr1m1t1ve orbit associated with a given orbit C.
Using the identity —e —Vrl= 2f§0 \ﬂe —7—=(2/40) it is then easy to extract

Lo sy -

5 zz a(C) e=V7HO), (67)

the inverse Laplace transform of the previous expression and recover the trace
formula first obtained by Roth [21, 22]

go L V=B, 1
2\/75 2 2./t

Let us notice that if one considers a vertex o of coordination m, =2, the circuits
that contain a reflection at this vertex have weights o( C) = 0; therefore such circuits
should not be considered in the expansion. Since one can always introduce an
arbitrary number of vertices on any bond without changing the properties of the
graph, this remark ensures that the number of orbits will not vary doing so.
Moreover this shows that a graph can always be simplified to minimize B and V
by suppressing all vertices of coordination 2.

Y I(C) a(C) e~ 1O, (68)

7. SIMPLIFICATION OF THE TRACE FORMULA—DIAGRAMMATIC
EXPANSION OF THE SPECTRAL DETERMINANT

In the previous section one has expressed the determinant det(1 — E), which can
be expanded to give a finite number of terms, as an infinite product (65). The
purpose of this section is to show how the infinite product eventually simplifies
to give a finite number of terms. One interest of this discussion is to provide a
diagrammatic method for constructing systematically the different terms of S(y).

We will consider the quantity that appears in (65):

§=[H1—M5M*“W (69)

The generalization of the following discussion to the case with a magnetic field is
straightforward (see (90)).

We will call —a(C) e~ the weight of the orbit. We associate to each term in
the expansion of S a diagram, which represents either the contribution of an orbit
or the product of such contributions; in the latter case the diagram represents the
superposition of the different orbits.
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™M

FIGURE 3

To understand how the simplifications occur let us consider a primitive orbit C
that passes twice through the same vertex without using the same arcs as in Fig. 3.
Using the fact that ¢, =¢;, =¢,4, =¢&5, it is easy to see that

—(C) e D= —(—a(C") e M) (= C") 1), (70)

where C’ and C” are obtained by crossing the pdths at the vertex as shown in
Fig. 3. The consequence is that in the expansion of S, the product of the weights of
orbits C' and C” cancels with the contribution of C.

These kind of relations may be represented diagrammatically as

Using these relations one must take care of not introducing some reflection at a
vertex like in Fig. 4. Indeed the diagram on the left of Fig. 4 has a weight propor-
tional to (2/m,)* whereas the diagram on the right has a weight proportional to
—((2/m,) — 1)(2/m,)

Note that the case of a vertex with coordination m, =4 is special and may bring
some additional rules which simplify the expansion of S. Those two additional rules
are

¢ =+ ¢ for m,—4 (72)
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oot

FIG. 4. Take care not to introduce some reflection at a vertex using the rules (71).

aQ,
_ - for m,=4 (73)

What kind of consequences can be deduced from these rules (71)? Let us consider
a primitive orbit that contains twice the same arc. This orbit may be factorized
using the de-crossing rule (71):

3-8 -

This equation implies that one should not include in the expansion of S the
diagrams that contain more than once a given arc. This remark implies that the
number of diagrams to be considered is finite. In the diagrams that remain in the
expansion, a bond appears in the orbits at most twice, corresponding to the two
reversed arcs; a by-product of this remark is that the longest orbits that can be
constructed satisfying this rule have lengths 2L.

and

EXAMPLE OF A DIAGRAMMATIC EXPANSION. As an example, consider the diagram
of Fig.5, which consists of an arm connected to a ring pierced by a flux ¢; this

1

—|

FIGURE 5
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TABLE 1

Primitive orbit C Weight —a(C) e /(E)+i0)

—1—i0

@_
(=

4 ,—1—2b—i0
—35e 1

_ 4 ,—1-2b+i0

7€

—2/—2b

g
o

4 —20-2b
27

geometry was considered for the study of persistent currents in the case of a one-
channel clean ring [33] and in the case of a metallic diffusive ring [11]. The
first step is to construct all the periodic orbits that will be involved in the expan-
sion (see Table I). One considers the situation in which the ring is pierced by a
flux ¢ to distinguish between time-reversed orbits; 0 =2n¢/¢p,, where ¢,=h/e is
the flux quantum. We call / the perimeter of the ring and b the length of the
arm. As an example let us compute the o(C) coefficient for the last orbit of
Tablel C=(1,2,2,1): a(C)=¢penesic; with ey, =—3, e,=¢67=2, and
Exp = 1.

The construction of all diagrams of the expansion requires one to combine all
these orbits provided that the resulting diagrams do not contain twice the same arc.
This leads to
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b-1+(O—+O—)+(O=)+O—O—)
+(%+@ cO=+O=)+(C—+O (75)
{O=-0—-0—-0—)

where it is understood that a diagram with two primitive orbits is equivalent to the
product of diagrams for each orbit, as said above. For example,

%;@*x%. (76)

Using the weights of the orbits given in the table one eventually finds

S=1—%cosle '+ie *+ie —%cosfe '~
fe M2 (77)
=%e '""(shbsh/+2(chl—cos0)chb). (78)
Thus,
S(y) =sh(y/y b) sh(y/y 1) + 2[ch(/y 1) — cos(6)] ch(/7 b), (79)

a result that can also be obtained using (85) and (38) (see also Appendix C).

As one can realize looking at (77), there exists a symmetry between the coefficients
of the different terms appearing in the diagrammatic expansion. It is possible to use this
symmetry to reduce the number of diagrams that have to be considered, which greatly
simplifies the calculation. This point is discussed in more detail in Appendix B.

To conclude this section we insist on the fact that the periodic orbit expansion
of the spectral determinant involves only a finite number of contributions, despite
the number of primitive orbits being infinite. In contrast, the periodic orbit expansion
of the partition function (10) or the density of states involves an infinite number of
contributions.

8. GRAPHS IN A MAGNETIC FIELD

In this section, we describe the appropriate modifications to the previous formalism
that have to be done in the presence of a magnetic field, namely for a distribution of



SPECTRAL DETERMINANT ON QUANTUM GRAPHS 31

Aharonov-Bohm fluxes. The operator of interest is now —(d, —i4)% In Eq. (27) one
has to replace the derivative of the function y by a covariant derivative D, =d, —iA(x)

Z aaﬁDxaﬁlp(aﬂ)(xmﬁ’ =0)=0. (80)
B

The path integral derivation of det(— D2 +y) follows the same lines except that all

derivatives have to be replaced by covariant derivatives in (30) and (31). One is led

to an expression of the determinant that involves a product of terms of the form
V(l“ﬂ):q’/’ D D e~ VDI D912 +7161%), (81)
#(0) =g,

We may recover the Gaussian action of the harmonic oscillator by performing the

following gauge transformation

P(x) = P(x) e T A, (82)

where the integral is performed along the bond (af) and x, is an arbitrary point
on this bond (a change of x, corresponds to adding a constant phase to the field).
If we define

oﬂazj;“” dx A(x) (83)

(0p= —0,p), where the integral is performed along the bond («f), and choose x,
in such a way that jﬁ;ﬁ dx A(x)=04,/2 and jgo dx A(x)=0,4/2, then (81) becomes

lyp)=dge=0p? < - ~
j e DE D e~ VD [ a1 F12 47 151)

#(0) = e~ Pupl?

=7 G 51, () g e Py A e ), (84)
Introducing this expression in (34), then it is clear that (38) still holds provided
that the matrix M is now defined as

oi0sp

Moy =053 y, coth(\/y 1,,) — oy —————. (85)
. g Sh(/7 Lp)

The calculations of Section 5 may also be generalized. The derivation is the same
and the matrix Q now reads

2 _
0.,—06 /2
O ap)uv) = Aap Oy <m - 6,gv> e/ Oup= O/, (86)

o

and the matrix R is unchanged. To define E it is convenient to introduce a unitary
transformation % that makes the changes more clear. If one writes

OR=UETU", (87)



32 AKKERMANS ET AL.

where % is
, _ (0 /2),
Uiapyyuv) = AapunOou O pr€" (88)

then one has E = D¢, where ¢ is still given by (54) and all the dependence in the
fluxes is now contained in the matrix D:

1 i0
D (o) = QO O gy~ b+ (89)

Since the spectral determinant is given by the determinant of the matrix 1 — E, the
matrix % and its inverse disappear in the determinant and (52) still holds.

The derivation of the trace formulae only requires trivial modifications and one
finally obtains for the determinant

S(y)=y(V—B>/2eﬁL<ﬂma>2‘Bn(1—oc(é)e—ﬁ’@“f’@), (90)
« c

and the corresponding partition function,

L VB
2f

which generalizes Roth’s formula (68). We have used the obvious notation for the
flux enclosed by an orbit C=(iy, ip, ..., i,) : (C)=0; + --- +0, .

Z(Z Z l —(1(C)2/4t)+ia(C) (91)

9. MORE GENERAL BOUNDARY CONDITIONS

One must sometimes consider more general boundary conditions than (80).
Imposing instead of (80) the so-called mixed boundary conditions

Z aaﬂDxaﬂl//(aﬁ)(xaﬂ:()) :/locl?ba (92)
B

requires to generalize some of the previous results.” This can be easily achieved by
using the path integral formalism. It is rather obvious that the boundary terms in
(31) now produce additional Gaussian terms in (34) which now reads

7One may distinguish two cases. (i) In the Schrodinger problem, the current is J=2 Im(y*d, ).
Conditions (92) also lead to current conservation at the vertices. (ii) For the diffusion problem, the wave
function (x, ¢) has to be replaced by a probability density P(x, 7). The current of probability is given
in this case by J(x, t) = —0,P(x, t). Equation (92) implies that such a current is not conserved at the
vertices where 4, # 0. This condition corresponds physically to a graph connected to the external world,
Ay P(a, t) being the current of particles exiting the graph. In the Dirichlet case (4, = c0) the graph is
perfectly connected, which means that a particle exits the graph with probability 1 if it reaches the
vertex o.
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Vv
S(y)~! =y(B‘V)/2f T1 dé.. di, e~ >/D 10:1?
a o
a=1

X [1 G 51, (dpe™ "2, dpe™" ). (93)
(o)

Thus only the diagonal elements of matrix M change. In (38), M is replaced by M:

- A
Myp=M,p+—7=0up. (94)

7

It is also easy to see from the discussion of Section 5 how the different matrices
are affected by the change of boundary conditions. Equation (43) will receive some
additional Gaussian terms e ~(/2 % 19:1*~/7 which implies that m, has to be replaced
by m, + ()La/ﬂ). The scattering matrix Q now reads

2 )
ro v) = dopd v5 <_5 v> 61(9«/}_0”/2) (95)
(aB)(uv) B uv® ou moc+(/loc/\/;) B

and the matrix ¢ is

2
E(apyuv) = Qopluy O, <ﬂ—5av>; (96)
) T Nmg+ (A7)

the other matrices R and D remain unchanged. The factor a(C) of Sections 6 and
7 will be modified according to (96).

Expression (94) allows us to treat both the case of Neumann boundary conditions
(4,=0) which has already been studied in this paper, and the case of Dirichlet
boundary condition (4,=o0). For a diffusive conductor, these conditions corre-
spond to a disconnected wire and a wire perfectly connected to leads at the node,
respectively.

If one imposes the Dirichlet condition at all vertices of the graph, one has to
consider the limit 2 — oo for all vertices. Then det(M) ~T1, (}va/ﬂ). The spectral
determinant is S(y) =~ (I, 4.) [ T(op) (shﬂlaﬁ/ﬂ). One can drop the irrelevant
factor ], 4, since the spectral determinant is defined up to a multiplicative numerical
factor independent of y, which depends on the regularization. One finds that the
spectral determinant S(y)=]—[(uﬂ)(shﬂlaﬁ/ﬂ) is the product of the spectral
determinants associated with each bond. All bonds are then independent.

We now discuss the case where one imposes the Dirichlet boundary at only one
vertex oy which will be useful in the next section. Taking the limit 4, — oo, one has

S(y; { Dirichlet at oy} ) =V =2= D2 [ sh(\/y 1,5) det(M™), (97)
(af)

where M®0 is the (V'—1)x (¥ —1) matrix given by the matrix M with the line o,
and the column o, deleted.
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As an example consider the graph pictured in Fig. 5 for which one imposes the
Dirichlet boundary at the end of the arm. S(y) becomes

1
S Dirich. at the end of arm( ) = 7 {ch(y/y b) sh(y/y 1) +2[ch( /7 1) —cos(0)] sh(\/y b)}

(98)

to be compared with (79). It is interesting to check that the magnetization of the
ring, given by (19) and (20), does not depend on the choice of the boundary condi-
tions at the end of the arm, when its length b goes to infinity (b>> L, = 1/\/

10. ZERO-MODE AND LOW-ENERGY BEHAVIOR

The low-energy part of the spectrum can be studied by using the expansion of the
spectral determinant when y — 0. Using this approach we prove the existence of a
zero-mode state when % =0 and obtain the dependence of the ground state energy
in the magnetic field. Using the infinite product representation S(y)=11,(E,+7)
and assuming E,=0 imply that S(y) behaves linearly with y when y — 0. In order
to study this limit it is convenient to expand M as a power series in

1 . 1 “ “
M(y)=—f4M(y)=—F# (M°+yM"' + ---), (99)
J7 J7
where
Qo Qap 100
X (100)
N 1

M;li:&aﬁgzawlw-i-gaaﬂlmﬁ. (101)

u

From these expressions, it is easy to see that M° possesses an eigenvalue ¢, =0
corresponding to the eigenvector v, whose components are (v,), = 1. Remembering
that M acts on the V vector constructed with the wave function at the nodes, the
vector v, corresponds to a wave function that takes the same value on all vertices
and is constant on the graph (since y = — E=0). We denote by &,(y) (n=0, .., V—1)
the V eigenvalues of M(y). The eigenvalue &,(y) vanishes at y =0 and its behavior for
small y computed in perturbation theory is &o(y) ~ p(vg M'vy/vavy) = pL/V. This
implies that det(M(y)) ~ (yL/V) 1) Z1! €,(0). It is possible to write the product of
the non-vanishing eigenvalues for y=0 as the determinant of the matrix M° +
(vovg /|lvg %), where the second term is the projector on the vector v,.
One finally obtains for the spectral determinant

S(y)woyL<H laﬂ>det( K), (102)

(o)
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where the matrix K is

. 1
Kaﬁ=M2,,+I—/. (103)

From the linear behavior S(y) oc y at small y it follows that one has for the
partition function lim,_, , Z(¢)=1.

Let us remark that if all the lengths of the bonds are equal to unity, the product
[1/=2] £.0) is equal to 7 (%), the number of trees that cover the graph (Tutte
theorem) [ 16, 17].

It is also interesting to see how the spectral determinant behaves at non-vanish-
ing magnetic field. For the sake of simplicity we denote the ensemble of fluxes {0,,}
by 2. The matrix M now depends on the fluxes. The spectral determinant may be
expressed in terms of the eigenvalues of M(y, Z):

shflaﬁ
S(y, ) = $alys B). (104)
(zxﬂ) \ﬁ n

At zero magnetic field and small y, one has shown above how S(y) behaves (102)
by a perturbative expansion of &y(y, 0). Similarly, at a small magnetic field, one
may compute the eigenvalue &,(0, %) in perturbation theory. Starting from

a s
2):5“52%_61%3[7 (105)
Y7 op

and expanding this expression at small fluxes, it is easy to show that &,(0, 4) ~
(12V) Zm,ﬂaaﬁ(ﬁiﬁ/lmﬁ) Since [1)-] £,(0,0)=det(K) the spectral determinant
behaves like

5 (1)
500, {0, ~ — Y (1], )det(K). 106
1 ﬁ}){g“ﬁ}_’oV(m L (1-;[) ) 4o 1o

One may extract from these expressions the ground state energy at a small
magnetic field. At small y one has S(y, 0) ~y[],~0 E.(0). On the other hand, when
the magnetic field goes to zero, the ground state energy is the only energy to vanish,
and then S(0, )~ Ey(#) [ 1,-0 E.(0). The ratio S(0, %)/S(y,0) ~ Ey(%)/y gives
the expression of the ground state energy

1 02,
Eo({0,4}) =7 Y ﬁ-
(af) "

(107)

Let us notice that the expression (107) of the ground state energy at a small
magnetic field may be recovered in a simpler way by perturbation theory. The
eigenfunction of the ground state at zero field is Yo(x e %) =1 /ﬁ. Thus the correction
to the energy at small field is Eo({0,5} ) ~ (ol A(x)* o> = (1/L) 3 up) [56 dx A(x)
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By choosing a gauge such that 4(x) = A, is constant on the bond («f), one recovers
(107) since Og, = Apgylp.

So far we have not described the effect of a change of boundary conditions on
the low-energy behavior of the spectral determinant. The matrix M at zero magnetic
field now becomes

M0, {A}) = MO+ 2,0, (108)

As in the presence of a small magnetic field one may compute the lowest eigenvalue
&o(0, {1,}) of the matrix (0, {4,}) by perturbation theory. This gives

1
S0, {A.}) {la}:—ﬂ)T/z J < I1 laﬁ> det(K). (109)

(o)

One may also deduce from this result the behavior of the ground state energy:
, l &,
EO({A“})zZZAa. (110)

Let us notice that in a particular case, one may recover this result by another
way. Consider a ring with V" vertices with mixed boundary conditions. This problem
is equivalent to a ring with a potential made of J scatterers: W(x)=>, 1,0(x — x,),
where the x,’s are the positions of the vertices on the ring. In this case it is possible to
compute perturbatively the energy of the ground state: Eo({1,}) >~ {¥o| W(x) [
which indeed leads to (110).

The result (110) has a physical interpretation in the context of diffusion. The
zero-mode E,=0 is associated with the uniform stationary distribution at long
time. As soon as the graph is connected to the external world, which may be
described by taking mixed boundary conditions, the probability of remaining on
the graph decreases at long time [ g,pn dx P(x, X', 1) ~ e ~*" which means the absence
of a zero mode. In this case, E, is the inverse escape time of the graph.

11. THE GRAPH CONNECTED TO AN INFINITE LEAD

In this section, we consider the case of a graph connected to an infinite lead
attached to the vertex « (see Fig. 6). In that case, we are dealing with a quantum
scattering problem where the relevant information like the spectrum, the Wigner
time delays, or thermodynamic quantities like the persistent currents is encoded in
the (unitary) scattering matrix [34]. To the purpose of calculating the scattering
phase shifts, let us suppose that along the lead an incoming plane wave e ~** enters
the graph at the vertex « and is reflected with a phase shift J,(E). Below we derive
a formula expressing the phase shift in terms of det(M). Although such a formula
is in fact a special case of the one given in [ 13, 14], it is nevertheless interesting to
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FIGURE 6

present an independent derivation of it and show the relation with spectral deter-
minants. m, is the coordinence of vertex « in the absence of the external lead. We
first write the wave function of energy E=k> on the bond (uf) in a form that
ensures continuity,

e puup

Vo (Xup) = (W, sin k(l,;—x,5) + W ge “n'w sin kx ), (111)

sin kl

where A44,1,,=04,. On the incoming lead, the wave function is written in terms of
stationary scattering states

lpO(

— k 5 2 —ikx ikx +id, 112
cos(éa/Z)COS( xX+0,/2)ce +e , (112)

lplead(x)

where x € [0, co[ is a current point on the lead. Continuity of the wave function at
vertex o is already ensured with the previous expression. Current conservation at
the vertex a gives

0,

e
% Aoy <—¢a cotg kl,z+ Yy M) —, tan(5,/2) =0. (113)

Since the boundary conditions on the other vertices are obviously unchanged we
are left with the linear system of J equations

—i Y M(y=—k>)Y3=0,,¥,tan(d,/2), (114)
B

where =1, ..., V. Cramer’s formula then gives

det(M“(—kz))ww (115)

l//o( =1 tan(éa/2) W—]{z))
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where M“*(y) is the matrix introduced in Section 9. Then the phase shift is obviously
given by

det(M*(—E))

COtg(éa(E)/z):lm (116)

This result, together with (97), shows that the phase shift is related to the ratio of
two spectral determinants: one calculated with a Dirichlet boundary at the vertex
connected to the lead and a Neumann boundary at all other vertices (97), and the
other calculated with a Neumann boundary at all vertices (4):

S(—k?; {Dirichlet at o} )

cotg(d,(k?)/2) = —k S(—k?)

(117)

This expression shows that J,=0mod 2z if k? coincides with an energy of the
graph with the Neumann boundary, and J, =7 mod 27z if k? is an energy of the
graph with Dirichlet at vertex o.

As an example the phase shift of the graph of Fig. 5 is given by the ratio of (98)
and (79) if the lead is connected to the end of the arm

cos kb sin kl + 2(cos kI — cos 0) sin kb

tg(9/2) = '
COtB(0/2) = G kb sin k1 —2(cos kI —cos 0) cos kb

(118)

As a second example the phase shift in the case of the complete graph K, that
will be studied in the next section reads

cos(k/) +cos(p)—1

cotg(5/2)=005(§0) COS(/C/)“FCOS(@)

cotg(k//2), (119)
where cos(¢) = 1/(n— 1). As expected the scattering length do/dk |, _o=2(n(n—1)/2) ¢
=2L is a measure of the total length of the graph.

12. APPLICATION TO THE CASE OF THE COMPLETE GRAPH K,

As an illustration of the previous formalism it is interesting to consider the parti-
cular case where the graph % is the complete graph K, whose V' =n vertices are all
connected (see Fig. 7). Then the number of bonds is B=n(n—1)/2.

In the case where all the bonds of a graph have the same length / one obtains

det(M)=<Sinh]W>n P((n—1)ch(/7 1)), (120)
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FIG. 7. The complete graph K.

where P(X)=det(Xd,;—a,sz) is the characteristic polynomial of the graph. The
characteristic polynomial of K,, can be found in classical textbooks. For the complete
graphs a,;=1—9,4; thus the determinant involved in P(X) is of the same form as
the determinant of matrix F given in Appendix D. This gives the following expression
for the spectral determinant

S(y) = (ﬁ)(*nm (n2/2) sh\// (n2/2)~ (3n/2) ch\//—l
x[(n—1)ch/y/+1]""". (121)

By calculating the inverse Laplace transform of (J/0y)In S(y) one obtains the
partition function

)

Do (O) e § - () el

) (122)

where 0(x)=Y,"* _ exp(—nrk>x) is the Jacobi 6 function, and T(x) are Tchebychev
polynomials.

(a) Short Time Limit

Equation (122) is written in the form of the Roth formula, appropriate for short
times. The first contributions coming from the expansion of (122) in the limit z > 0
give

L V—B 1 —1 2 2 :
Z(t)= + + {n(n )2/< — 1> e
2. /nt 2 2. /nt 2 n—1

+2n(n—l)(n—2)3/< 2 )36_9/2/4,+,.}_ (123)
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FIG. 8. Some orbits associated with the first terms in the brackets of (124) for the complete graph K.

The first two terms coincide with the first terms of the Roth formula. For the two
following terms we recognize the contributions of the shortest orbits represented in
Fig. 8. For the orbits of length 2/, the factor ((2/n—1)—1)? is the weight «(C) of
those orbits and n(n—1)/2 their number. The next term corresponds to orbits of
length 3/ with weight «(C)=(2/(n—1))> Their number is 2(n(n—1)(n—2)/3!)
where the additional factor 2 comes from time-reversed orbits.

(b) Long Time Limit

For the graph K, it is also possible to study the limit ¢ — co. Introducing ¢,
defined by cos ¢ =1/(n—1), one may use the identity 7,(cos ¢)=cos k¢ and the
Poisson summation formula to find

Z(1)=0 <4;2’> +”(”4_ ) [9 (;2) - 1} =) Y e e s
k= (124)

It is easy to see that
Z(t)=1+0(e "), (125)

where the contribution of the first term comes from the constant zero mode
Yolxe%)=1//L.

(c) The Eigenvalue Spectrum

Equation (124) provides the whole spectrum of K,,. The first two terms describe
a series of states E, ,=k*(n//?), ke N, with degeneracies dy, ,_o=1, dp, ;=
n(n—3)/2if kis odd and d|, , =2+ (n(n—3)/2) if k is even. The third term generates
energies E; , = (n%//*)(2k — 1 — 2)%, k € Z, with degeneracies d5 , =n— 1. These states
are similar to those of a ring pierced by a flux, where the parameter ¢ related to
the coordination plays the role of the flux.
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For n>3, 2e[%, [ and one may reorganize the energy levels:

Energy Degeneracy
Ey=Ep =0 dy=1
E1=E3,1=7;<1—Z>2 dy=n—1
E3=E3,0=7;<1+(7/:>2 dy=n—1
E4=Em:;22 d4:2+@
E5:E3,2=Z<3:>2 ds=n—1

The case n =3 corresponds to the ring of length 3/. In this case ¢/ =1/3 and one
recovers the well-known spectrum.

It is interesting to note that despite the particle exploring a volume L ~ i n?/ at
large n, the energy of the first excited state £, ~ n%/4/? is not of order 1/L?, as one
could have naively guessed, but instead of order 1//2

13. CONCLUSION

We have investigated spectral properties of the Laplacian on graphs by providing
several equivalent representations of the corresponding spectral determinant. This
has been achieved thanks to a path integral formulation and to the fact that the
spectral determinant can be written in terms of the propagator of a 2D harmonic
oscillator thus leading to a set of straightforward Gaussian integrals. We have thus
obtained an expression of the spectral determinant as a trace formula involving the
contribution of an infinite number of periodic orbits. Using a systematic diagrammatic
method, we expressed the finite number of terms of the determinant as contributions
of a finite number of orbits. Although it has been already clear in the literature that
such a reduction is possible, the present formalism allows us to implement it directly
for any given graph.

The flexibility and the relative simplicity of this formalism are a hint for using it
in a broader range of problems. For networks of mesoscopic and coherent conductors,
it may help to compute both thermodynamic and transport properties in some non-
trivial situations such as the local distribution of persistent currents in a network
driven by a far remote Aharonov-Bohm flux. Along the same lines, it could be
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possible to address the problem of topological properties of fractal networks like
the Sierpinski gasket subject to a distribution of Aharonov—Bohm fluxes.

APPENDIX A

The Spectral Determinant Obtained by Constructing Green’s Function on the Graph

We want to solve the diffusion equation
(y—d?) G(x, y)=0(x—y) (126)

on a graph made of V vertices (or nodes) linked by B bonds. y is the source for
the diffusion. The solution of (126) is of the form

Z%(X) Ya(y)

G(x, y)= s

: (127)

n

where 1, are the eigenfunctions of the operator —d2. The spectral determinant is
obtained by spatial integration of the diagonal Green’s function G(y, y):

1 0

[ 6 =% =5 s, (128)

For a given source located in y, the diffusion equation is solved on each bond
(af) in terms of the values G(a, y) and G(f, y) at the nodes

G(x, y)=G(a, y) ch /y x+(G(B, y) — G(a, y) Ch\/lm/; , (129)
sh \/ la/f
where x is the linear coordinate on the bond («f) of length /4.
Current conservation at the vertex o
7demﬂG(xaﬂ:0> y)zéa,Jn (130)
B

where the sum stands over the nearest vertices of a, leads to the equations

G(B,y) 9,
G(a, y) Y cothpy,,—) ———=-—"2%, (131)
I PG sha
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where 7,5 = ﬂ l,5- We have thus obtained a system of (V' + 1) linear equations for
the (V'+ 1) variables G(a, y), where a can be either a node of the graph or the
source point y,

Glay, ) 0
M, Gy |=| Iy |, (132)
G(O('V’ y) 0

where the (V4 1) x (V' +1) matrix M, is defined by Egs. (35) and (36). Here, « and
B are either vertices of the graph or the source point located in y. One now wants
to calculate G(y, y). First, using (131), it is written in terms of G(«, y) and G(b, y),
where a and b are the vertices ending the bond to which y belongs,

Gla. v) G(b, 1
G(. y)(coth 5, + coth 5,,) — @y) 6oy _ 1 (133)

sh,, sh 1, \/y ’

so that

1 sh#,, sh
Gy, y)= < Hay ””+Ganmnw+auymth. (134)

B sh Nab ﬂ

The variable G(y, y) can then be eliminated in the previous system. The two
equations for G(a, y) and G(b, y) are modified as

I _ 1 shu, (135)

sh ﬂaﬂ _ﬂ sh Nab

and the (V' —2) other equations are unchanged. We obtain now a system for the V
variables G(«, y),

G(Cl, y) Z coth ”aﬂ_z G(ﬁa y)
B B

Gl 7) 0
Gla y) o sha, 6
M : = : 13
Gy | Vs sy | Y
G(avz_z, ») (:)

where M is defined in (35) and (36). @ and b are now two of the V vertices and the
source point y is now excluded.
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By inversion of the matrix M, one obtains G(a, y) and G(b, y),

1
ﬂ Sh Nab

where T=M ~!. From (134), one finally obtains G(y, y):

G((l, J’): (Taa Sh ’7yb+Tab Sh nay)a (137)

N

1 (sh#y,, shny, 1
{ Sl‘fﬂab z +Sh2;7“b[TaaShZ”by-i_TbbShzﬂay-"_szaShnayShrlyb] .

(138)

The spatial integral of G(y, y) on the bond (ab) can be written as

b 1
f dy G(y, y) =2 {nab cothn,,—1

a

0 o\ 1
+(Taa+Tbb)<1+2y6y>coth17ab—2Tba<1+2yay> },

Sh Nab
(139)
where we have used the equalities
——=2y —coth 14
s 7 y@yCOt n (140)
h J 1
. cosh i (141)

shZy ~ ' opshy’

Summing over all the bonds of the graph and using the following identities:

y <(Tm,+T,,b) coth 57, —2 Tha >=Tr{TM} =V, (142)

(ab) Shﬂab
0 Ja 1 0
T T,,) =— coth 2T, —— |=TrT—M 143
(%) <( aa+ bb) ayco N ab ba@yShW]ab> r{ ay }9 ( )
0
ncothn:2ya—yln sh 7, (144)

we find that the sum P = |, dv G(p, y, ) simplifies considerably into

0 V—B 0
P=— Y Inshy, ++Tr{M1M}. (145)
oy (E) Py dy
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Using the following property Tr{ M ~'(8/dy) M = (0/dy) In det(M) one finally obtains

0
P=—1In S(y), (146)
dy
where
S(y) =y B2 [] shn, det(M). (147)
(ab)
APPENDIX B

The Symmetry of the Coefficients of the Diagrammatic Expansion

The purpose of this appendix is to discuss the symmetry properties between the
coefficients appearing in the expansion of the determinant discussed in Section 7.
This symmetry, a consequence of properties of the matrix E, considerably symplifies
the calculation of the spectral determinant by the diagrammatic method. Since the
presence of a magnetic field does not affect any point of the following discussion,
one will forget it. We shall start by considering first the case of Neumann boundary
conditions and we will indicate at the end of the appendix how to extend the result
to the more general case.

Let us write det(1 — E) = det(E) det(1 — E~!). The inverse of E is easily calculated
since ¢ ' =¢" and D is diagonal: D! =5,-j\/;’f. Then one has

det(1 — E)=det(1 —eD)=(—1)"~Be=2v7 Ldet(1 —eD 1) (148)

(for the calculation of det(E), see Appendix D). The matrix eD~' is equal to the

matrix E in which one has replaced ﬂ by —ﬂ. This implies that det(1 —eD) and
det(1 —eD~!') exhibit similar expansions (with the same numerical factors).

To use this relation it is convenient to organize the expansion of det(1 — FE) in
terms associated with diagrams or product of diagrams involving the same set of
arcs. Let us call g, = {i,, .., i,} aset of n arcs of ¥ (in particular g,= ¢ and g,5=9).
One may write

2B
det(1—E)=Y Y x[g,] e V7a], (149)
n=0 g,

where /[ g,]=1; + --- +1; . The coefficient «[ g,] is a sum of coefficients a(C) or
a sum of the product of such coefficients. Equation (148) implies that there is a rela-
tion between the terms involving diagrams with a large number of arcs and a small
number of arcs. More precisely, as a consequence of the obvious relation /[% — g, ]
=2L—I[[g,], we obtain

K[ —g,0=(—D"""x[g,]. (150)
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where ¥ — g, ={i/i¢ g,} is the set of all arcs of ¥ except those of g,. As a simple
consequence, the term det(l — E) related to the diagrams of length 2L is precisely
(—1)" " Be2V7Lgince k[9]=(—1)""2k[¢]

The use of relation (150) is particularly powerful since it allows one to consider
only half of the expansion (149). Moreover the terms x[ g, ] e~V7al for small n
involve not only a small number of diagrams but also the simplest diagrams, con-
structed with less than B arcs. Taking into account only the B first terms in (149)
considerably reduces the number of diagrams to be considered.

As an example, one may apply this relation for the graph of Fig. 5. For the term
n=11n (149), the sum over g, brings four ensembles {1}, {1}, {2}, and {2}. Only
the first two give some contributions since {2} and {2} are not associated with any
orbit. Consider the case where g, = {1}. Then the term [ {1} ] e~v7/1{1}1 given by

the diagram
@— , (151)

has the same numerical factor as [ {1,2,2}]e v7[{-221 associated with the

two following diagrams:
% + @E . (152)

In (75) only the first 3 diagrams, among the 15, have to be considered and all other
terms are given by relation (150). It is also possible to check the symmetry (150)
on Eq. (77).

To end this appendix let us explain how relation (150) is generalized for mixed
boundary conditions. In this case the inverse of ¢ is given by ¢T in which one has
replaced ﬂ by —ﬂ (the coefficients o C) and x[ g, ] now depend on ﬂ). One
has det(1 — E) =det(E)[det(1 —eD)| s, _ ;1. Then Eq.(150) reads in the more
general case

K[g_gn]zdet(f') K[g}1]|\/;~>7\/;9 (153)
det(e) being given by (170).

APPENDIX C

Precisions on Loops and Multiple Bonds between Vertices

In Section 3 we have assumed that a bond links always two different vertices and
that there is only one bond between two different vertices. Formule (35) and (36)
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n

FIGURE 9

apply to those kinds of graph. As we remarked in a footnote, if two vertices are
linked by two bonds, one can introduce a vertex in one of those bonds to fall back
to the situation of Section 3 (see Fig. 9). Similarly if a bond starts and finishes at
the same vertex to form a loop it is possible to separate it into two bonds by intro-
ducing an additional vertex (see Fig. 10). Of course, these operations do not change
the spectral properties of the graph. Any graph can be described as in Section 3 but
the price to pay is to add some vertices with coordination 2, which increases ' and
B. In Sections 6 and 7 one has already noticed that vertices of coordination 2 play
no role in the construction of orbits. On the other hand, since the sizes of the
matrices that we have introduced are related to B and V, the calculations would
become easier if it were possible to minimize those numbers. It is the purpose of this
section to explain how to generalize (35) and (36) to the more general case where
a loop can be present at a vertex and several bonds link two vertices. A discussion
is also given in [10] using a different method. We set y=1.

(i) Expression (34) is again a good starting point. One considers the deter-
minant of a graph, one part of which is represented in Fig. 9. In (34), the terms that
involve vertex u are

S = [ d0, 45,6, (04,9,) Gy (9,0 0,) . (154)

Since ¢, does not appear anywhere else one can integrate over ¢,, using the
completeness relation for the propagator. One finds

SG) =[Gy (0, 0,) (155)

o

In (155), the integral contains two propagators that propagate the field from vertex
o to vertex f: G%Jr,m(d)ﬂ, ¢,) and G,mﬁ(q),;, ¢,). It is now easy to see what is the
natural generalization of (35) and (36) if B,; bonds of lengths lﬁ/; link the two vertices:

B,
M,,=Y coth(\/yll,)+ --- (156)

j=1
B“/f eiyiﬁ

__,-; sh( /71,

M, = (157)
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FIGURE 10

Let us stress that the elimination of a vertex of coordination m, = 2 is particularly
straightforward with expression (34), since it is a consequence of the completeness
relation for the propagtor of the two-dimensional harmonic oscillator.

(i1) If one now considers a graph as in Fig. 10, one can use the same trick as
before. It is then easy to see that the contribution of the loop is

SOV = [ G (G e ) (158)

o

where /,, and /7, are the lengths of the two bonds. Writing /,, =1}, + [, for the

length of the loop and 0, =0,, + 0;,, for the flux that pierces it, it is easy to see that
the loop gives only a contribution to M, :

M,, =2 coth(\/y 1,,) —2 —> Ou . (159)

sh f lm

To conclude, gathering points (i) and (ii) together one gives the general expres-
sion for M,

ar/z

La ;
M 5= 0y Z a,, Y. coth(\/y 1) <coth /7 1) cos(07,) ﬂ
/=1 j=1 \[]

Ba/y el(}l//

,_1 sh(y/7 1)

where L, is the number of loops at vertex « (we did not change® the definition of
a,; which is still 0 or 1 depending on whether or not the vertices are connected;
a,,=0). Let us remark that M, ; may be expressed in the more condensed form [6, 10 ]

(160)

M= Y coth(y/71,) S COS(HZ;X)}
o R

arcs b starting
from vertex o
iHh

—d,p
arcs b lmkmg sh \/ Zh

vertices « and

(161)

8 This implies that > a,p is no more the coordination of vertex . One has m,= > ;a,;B,;+2L,.
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where in the first sum over all arcs starting from vertex «, the case of a loop brings
twice the same contribution, as in (159), since it is associated with two arcs starting
from the vertex.

As an example let us consider the graph of Fig. 5. The number of vertices can be
reduced to 2 and the spectral determinant is given by a determinant of a 2x2
matrix,

1
cothb—i—200thl—ZCSOhS;9 Y
S(y)=sh/shb , (162)
—L coth b
shb
which gives (79).
APPENDIX D

Some Properties of the Matrices Q, R, D, ¢, and E

In the more general case, in the presence of a magnetic field and with mixed
boundary conditions, the four matrices that we have introduced in Section 5 read

2

Q(zxﬁ)(,uv) = aaﬂa,uv(sa,u e 5,3\' ei(g“ﬂ_ H“V/z), ( 163)
A
My+—=
V7
— 1
Rapyuon = Aaplly OO g€ ™71, (164)
2 (165)
Eapyur) = QapuO pu . Oay | >

V7

and

- 1 i0,
D(zxﬂ)(,uv) = aa/;aﬂvéméﬁve \/; I‘-V+l ", (166)

The inverses of those matrices are easily calculated. They are given by their hermitic

conjugates in which one replaces ﬂ by —ﬂ: 0 '=0" s _ s, ete. (let us
recall that the transposition is defined as Q) = Quop)- FOr example,

2z
Eapyun) = Qopyey© FRE (167)
m

v ay
Jr
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This shows that in the positive part of the spectrum, when y = —k?, the five matrices
0, R, D, ¢, and E are unitary matrices. Let us notice that for Neumann boundary
conditions A, =0, then Q7 '=Q and ¢ '=¢".

We now compute the determinants of those matrices. To start with, one considers
the sub-matrices Q, defined in (47). We write the matrix element

/(05— 012,

(0= (W—@

where it is understood that f and v belong to the set of m, neighbors of a.

To compute the determinant of the matrix, the first step is to eliminate all the
phases with a unitary transformation. Then one has to consider an n x n matrix of
the form F, ap=d— O, It is possible to compute the determinant of such a matrix
using a recursive method; one finds det(F)=(—1)" (1 —na). Coming back to Q,
one has det(Q,)=(—1)""" ((m —)La/\/ J(m, + Aa/\/ It follows that

.
-1
det(@) = (—1)Y [ M= talD. (168)
a=1 m(l + )L‘zx/\/;/
If y = —k?, this is indeed a complex number of unit modulus.

Next one would like to compute det(R). The matrix R which couples time-reversed
arcs has 2B non-vanishing elements. The determinant of R is then given by the product
of all elements of R times the sign of the permutation 2(1, 1, .., B, B)=(1, 1, .., B, B)
that exchanges each arc with its time-reversed arc; it follows that

det(R)=(—1)8e2V7L, (169)

Since e = (%T0(y) R(y=0)%)T, it is easy to deduce its determinant,

det(e)=(—1)"—2 1 w (170)
“=1ma+}'a/ﬂ

which involves the topological invariant V' — B.
The determinant of £ is given by det(E) = det(e) e~2V7L For Neumann boundary

conditions det(E)=(—1)""2¢~2 JrL
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