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Abstract. Diagrammatic techniques to compute perturbatively the spectral
properties of Euclidean random matrices (ERM) in the high-density regime
are introduced and discussed in detail. Such techniques are developed in two
alternative and very different formulations of the mathematical problem and are
shown to give identical results up to second order in the perturbative expansion.
One method, based on writing the so-called resolvent function as a Taylor series,
allows us to group the diagrams into a small number of topological classes,
providing a simple way to determine the infrared (small momenta) behaviour
of the theory up to third order, which is of interest for the comparison with
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experiments. The other method, which reformulates the problem as a field theory,
can instead be used to study the infrared behaviour at any perturbative order.

Keywords: random matrix theory and extensions
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1. Introduction

Random matrices [1] are N x N matrices whose entries are random numbers drawn from a
certain probability distribution. Their statistical spectral properties in the large N limit
describe a wide range of physical phenomena: nuclear spectra [2], quantum chaos [3],
localization in electronic systems [4], diffusion in random graphs [5], liquid dynamics [6]
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and the glass transition [7], complex networks [8] and superstrings [9]. Random matrices
may be grouped in a few universality classes according to their statistical properties [1].
For most of these classes, the density of eigenvalues follows Wigner’s semicircle law. It
has thus become of interest to identify ensembles where the semicircle law is modified in a
non-trivial way. One such ensemble results when the corresponding physical problem has
a conserved quantity (e.g. momentum in the case of propagating excitations, or number
density in diffusion problems). Under such circumstances, the random matrix that best
describes the problem is typically a Laplacian matrix [5], which has the property

ZM” =0. (1)

This encodes the property that a vector whose components are identical is an eigenvector
with eigenvalue zero.

A kind of random matrix of particular relevance in the study of off-lattice systems is
the so-called Euclidean random matrices (ERM) [10, 21, 23]. Place N particles in positions
x;, © = 1,2,..., N, belonging to some region of D-dimensional Euclidean space, of
volume V. The positions are drawn randomly from some probability distribution function
P({x;}). The entries of an ERM are a deterministic function of these random positions,
M;; = f(x; —x;). If a conservation law is relevant for the problem at hand, we will rather
have a Laplacian ERM:

=

Mg =065 ) F(x5 = xi) = fxi = ;). (2)

Note that we never find the same particle label twice in the argument of the function
f(x; — x;), since the term f(x; — x;) cancels. In a diagonal term, 0;; f(x; — xj), the kth
particle shall be called a medium particle, while the ith particle will be the chain particle.

The function f in equation (2) is quite general: only rotational invariance and the
existence of the Fourier transform f (p) are assumed (p = /p - p). Furthermore, even if in
this work f will be a scalar function, for some applications it should rather be a matrix-
valued function. It must be so, for instance, to account for the vector nature (longitudinal
or transversal) of vibrational dynamics [18]. Most of our results extend as such to this
more general case.

ERMs describe topologically disordered systems, at variance with problems where the
N positions {x;} are placed on a crystalline lattice [30]. We will be considering a extreme
case, in which the N positions are placed with uniform probability on the volume V. The
particle-number density, p = N/V, will be held fixed while we take the large N limit.
Note that there are two sources of statistical correlation among the entries of matrix (2),
even if the positions {x;} are totally uncorrelated. First, it is a Laplacian matrix; recall
equation (1). Second, due to the triangular inequality of Euclidean geometry, the distances
from two neighbouring particles to a third one are necessarily similar.

Specific applications of ERMs include disordered d-wave superconductors [11],
disordered magnetic semiconductors [12] (very similar to a spin-glass model [13]),
Instantaneous Normal Modes in liquids [6,14], vibrations in glasses [7], [15]-[18], the
gelation transition in polymers [19] and vibrations in DNA [20]. ERMs have been studied
analytically and numerically both in the low particle-number density regime [14], [22]-[24]
and for high densities [10], [15]-[18], [31].
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In order to compute the basic spectral properties of ERM it turns out to be convenient
to introduce the resolvent:

G(p, = ]\}1_{20 _ Z eip (x5—x4) |:Z _1M:| (3)

1,j=1

where the complex number z = A + in has a tiny imaginary part 1 and the overbar
stands for an average over the {x;}. If the ERM describes physical excitations (phonons,
electrons, etc) in topologically disordered systems, the resolvent (3) corresponds to the
single-particle Green function, or propagator, for such excitations. If the system is
isotropic, the resolvent depends only on p.

The density of eigenvalues g(\), or density of states (DOS), is given by

1
g(\) = —= lim Im[G(p, X +i0T)]. (4)
T p—oo
This limiting behaviour is characteristic of topologically disordered systems. It does not
hold for lattice systems. We note as well that the constraint (1) implies that a plane wave
e'Pi is an eigenvector of the matrix (2) if p = 0:

1
G(0,2) = —. (5)
z
As we shall discuss below, the resolvent takes a very simple form in the high-density limit
(it is actually the bare propagator of the theory):

L ) = ol 0) - ). (6)

Go(p,2) = Z—<p)

The physical interpretation is quite appealing [10]. The system behaves as an elastic
continuum medium. In the large p limit, the plane waves eP*i become exact eigenvectors
of the matrix (2), with eigenvalues given by the dispersion relation ¢(p) = p[f(0) — f(p)].
In particular, for small p, €(p) = ¢*p* + O(p*), where c is the speed of sound. This neat
physical picture motivates the introduction of a high-density expansion.

At large, but finite p, the resolvent can be written

1
Gwﬁ):z—EW)—Ewa

The self-energy ¥(p, z), which is introduced to encode all the information about the
interactions (a standard practice in the Green function formalism), vanishes when p tends
to co. In our case, the interaction involved is that between the propagating excitations and
the topological disorder. An important theoretical challenge is to compute the self-energy
at finite densities p. In fact, in this case an eigenvector can be thought of as a packet of
plane waves (see section 2). The width of such a packet is related to the imaginary part
of 3.

Some of us have argued that in the limit of small p, z the leading term at 1/p? order
has the form [15]-[17]

Im X(p, z +i07) = A2P7272p% 4 O (2(P722pt, 2Pp?) | (8)

(7)
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(D is the space dimension, while A is an amplitude). This has been disputed recently by
an independent computation to order 1/p?, claiming that the actual analytic structure of
the self-energy for small z and p is [31]

Im Y(p, z +i07) oc 2P/2p? + - -, 9)

analogous to what one finds in the Rayleigh theory of scattering and in lattice models
where disordered spring constants mimic the effect of topological disorder [30].

By reconsidering in detail the perturbative expansion, in this work we show that the
prefactor A in equation (8) is actually null, due to algebraic cancellations, and that this
cancellation arises at all orders in the perturbative expansion in 1/p. This is not related to
any known symmetry of the problem, but rather reflects the mathematical structure of the
perturbative contributions. On the other hand, we will also show that the result in [31],
recall equation (9), is incomplete, since the imaginary part admits a formal expansion for
small z:

Im X(p, z +101) = 2(P=2)/2 Z gn(p?) 2" (10)

n=0

The constraint (5) implies that g, (0) = 0 for all n, so that in general g,,(p) = A,p*+O(p*).
However, we find that, for all functions f and all p, Ay = 0, so that go(p) ~ p* while
g1(p) ~ p*. In this respect, we confirm that the interaction between free excitations
and disorder in topologically disordered systems (as long as ERMs describe them)
has a peculiar mathematical structure that is different from disordered lattice systems
(for lattice systems go vanishes identically). To show this we shall compute the self-
energy perturbatively within two unrelated approaches: (a) an improved form of the
combinatorial formalism introduced in [16] and (b) a field-theoretic formulation. The
field theory introduced here is quite different from standard formalisms in the theory of
random matrices (see, e.g., [10, 15]). It probably deserves an in-depth study, which is left
for future work. We remark that our combinatorial formalism is simpler than the field
theory, and is probably the method of choice to carry out higher-order computations in
the 1/p expansion. However, it has the drawback that the asymptotic go(p?) ~ p* appears
at order 1/p? from an exact cancellation of two contributions of order p? (at order 1/p* we
find an exact cancellation of ten contributions of order p?). The field-theoretic framework
clarifies that these cancellations are not accidental and thus not restricted to low orders
in the 1/p expansion.

The layout of the remaining part of this work is as follows: in section 2 we discuss
a particular phenomenon (phonons in topologically disordered systems) where a theory
based on ERMs has been proposed in recent years. In section 3 we anticipate our main
result, namely the leading order of ImX(p,z + i0"). In section 4 we discuss in detail
the combinatorial formalism up to order 1/p*. We describe the rules to group all the
diagrams that arise at this order in a very small number of diagrams, according to
their topological structure, and show that up to second order in the function go(p*) the
prefactor of the term op? cancels out. We also see that this cancellation appears in a
given class of diagrams at 1/p®. In order to shed a light onto the mathematical origin of
such a cancellation, in section 5 we introduce a field-theoretical formulation that, despite
producing a much larger number of diagrams, allows us to give an argument explaining
the origin of the cancellation at any perturbative order.
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2. A case study for ERM: phonons in topologically disordered systems

Although ERMs have a wide range of applications, in this paper we are mainly interested
in the study of phonons in amorphous systems, such as glasses or supercooled liquids [25],
since the large amount of experimental evidence may provide fundamental insights about
the correctness of the theory. Of particular interest is the case where the frequencies
w(p) of the phonons with wavevector p lie in the GHz to the THz region (high-frequency
sound). This is, in fact, the range explored by neutron and x-ray inelastic scattering
experiments. These give the inelastic contribution to the dynamic structure factor, i.e. a
Brillouin-like peak with position w(p) and width I'(p). Summarizing the experimental
findings, for p < py (po is the first maximum of the static structure factor, typically a few
nm~! [26]) one finds a linear dispersion relation w(p) ~ cp, where the speed of sound c is
quite close to that obtained by acoustic measurements. The dispersion relation typically
saturates at p ~ py. Moreover, the p dependence of the peak width is often described by
['(p) o p®. Interestingly enough, I'(p) also saturates as the momentum becomes p ~ py.
There has been a hot debate among different experimental groups about the value of the
exponent « [27, 28], some claiming a ~ 2 and some « ~ 4. There is now some consensus
that, in the region where I' is independent of temperature (i.e. w(p) > 1 THz), one has
a = 4, while at lower frequencies (the GHz region), where I' has a strong temperature
dependence, the experimental value is a = 2 [29].

A simple model of the high-frequency sound is afforded by scalar harmonic vibrations
around a topologically disordered structure made of N oscillation centres x;, placed with
uniform probability on a volume V?. Particle displacements ¢; have an elastic energy

U{pi}) = 3D fxi—x) (i — ;)" = D> Mijpips, (11)

i,j=1 i,j=1

where the matrix M has the form equation (2) and f(x) is the spring constant connecting
particles separated by the vector x. We assume that f(x) is spherically symmetric, so
that f(p) = g(p?), where g is a smooth function. In the framework of the one-phonon
approximation, the inelastic dynamic structure factor is related to the resolvent via

2
S(p,w) = —% Im G (p, w?® +i0%). (12)

As a consequence, the width of the Brillouin peak is related to the imaginary part of X
by

Im X(p, w(p)) = w(p)I'(p). (13)

Then equation (10) implies that T'(p) ~ p* for very small p (for p ~ py the width saturates
and a mixed, more complex, scaling should be expected). In that regime the phonon—
disorder interaction can be thought of as a scattering phenomenon of the Rayleigh type.

Since ERMs describe the dynamics of vibrating particles within the context of the
harmonic approximation, the theoretical predictions based on ERM theory must be
compared with experiments in the region where I' is independent of temperature; in fact,

 One may just as easily introduce a model for vector harmonic vibrations [18]. In fact, all our results within the
combinatorial formalism translate directly to the vector case.

doi:10.1088/1742-5468 /2011 /02/P02015 6
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the temperature dependence is an indication that the width of the peak is rather due
to thermal processes, such as anharmonicities or relaxations, which require more refined
theoretical approaches.

We finally mention that vibrational frequencies w are related to ERM eigenvalues A
(z = A +107) by the relation A\ = w? see equation (12). Hence, the width of spectral
peaks in A space and in w space are related by equation (13). Furthermore, equations (4)
and (10) imply that the DOS in X space behaves for small A as gx(\) oc AP=2/2 which
translates to frequency space as a Debye spectrum g,,(w) oc wP?~1 (because of the Jacobian
in the change of variable: d\ = 2w dw). At this point, the reader may object that lattice
systems have a Debye spectrum even if gy in equation (10) vanishes for them. In fact,
their Debye spectrum is possible because equation (4) does not hold in the lattice case.

3. The main result

The main result of this work is the following. Expanding the self-energy in powers of 1/p,
le.

where %) is of order 1/p*, one has only one first-order contribution:
202 =1 [ viapdua )V ap) (15
z) = — z
| oF p (27_(_)[) q,P)Golq;, q4;P);

while at second order
2@ (p,2) = 27 (p,2) + % (p, 2) + = (p, 2), (16)

where the three topologically different pieces are

S0, = & [ ViawiGa(a. 50 (0. )Gola )V (@ ). (17a)
5.2 = % [ 54 S Ve - a.pifac )V la - ke a)Gulk. 2

x V(p—a,p—a+k)Go(p—a+k,2)V(qa—k,p), (170)
2P (p,2) = % / (gi)qD (gj)kD V(p—a,p)Go(a,2)V(a—k,2q — p)

x Gok,2)V(p — k,p). (17¢)
In equations (15)—(17) we have used

V(a,p) = plf(a) - f(p—a), (18)

which, as we will see below, plays the role of the interaction vertex. The bare propagator
Gy was defined in equation (6). Note that V(q,p) # V(p,q). Other useful identities are

V(a,p) = V(—q,-p), V(a,p) = -V(p—q,p). (19)
Note that, since V(q,0) = 0, we have
2P(0,2) =55(0,2) = ££(0,2) = 0. (20)

doi:10.1088/1742-5468 /2011 /02/P02015 7
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The high-density expansion for Laplacian ERM was introduced in [15,16].
Equation (15) was already reported there but, instead of equation (16), one had 39
diagrams of order 1/p*. Even if the final expressions were cumbersome, a numerical
evaluation of the amplitude A in equation (8) was attempted for a simple choice of the
function f. Presumably because of a numerical mistake, it was wrongly concluded that
A # 0. Afterwards, it was announced (without supporting technical details) that the
39 diagrams previously found at order 1/p* could be grouped as in equation (16) [18].
Unfortunately, a numerical re-evaluation of the amplitude A was not attempted from
these simpler expressions.

We remark as well that an independent computation of ¥ to order 1/p* has appeared
recently [31]. We have checked that their results are consistent with ours, letting aside
contact terms (in fact, these authors explicitly state that some contact terms are lacking
from their final expressions). Thus, their failure in identifying the go term in equation (10)
is not due to discrepancies in the final expressions. The underlying reason is rather more
mundane, as we explain below.

At first order the theory has the following behaviour. For small \, z = A + 10", we
approximate the imaginary part of the propagator GGy by

Im Go(q, A +i01) = —%5 (q - g) (21)

(assuming a linear dispersion relation €(p) &~ ¢*p?). Then the only contribution to the
imaginary part comes from ¢ = v/A/c. To evaluate the vertex V(q,p) at small ¢, and
small p we just need to recall that f (p) = g(p?). Tt is important to avoid any assumptions
about the ratio p/q, which can be either very large or very small when both p and ¢ are

small (at the Brillouin peak p/q ~ 1, but in [31] it was unjustifiedly assumed that p < ¢).
Then

V(a,p) = 9(¢") — g(¢* +p* — 2p - q)
~ 9(0) +¢'(0)g* — g(0) — ¢'(0)[¢* + p* — 2p - g
=—¢'(0)p" —2p-d]. (22)
If we now square the vertex function and perform the angular integral, we obtain (Sp is
the surface of the sphere in D dimensions)

OFso (' + 5a?). (23)

The integral over ¢ is now straightforward, thanks to Dirac’s ¢ function in equation (15).
We get

2

Im XM (p, A +1i07) o — [)\(D_2)/2p4 + ADﬂ% . (24)
Hence, already at order 1/p, go(p?) in equation (10) is of order p*. Had we neglected the
p* term in favour of the ¢*p? term (as done in [31]), we would have failed in identifying
the gy term. The physical reason for which the presence of such a term is mandatory
(namely the existence of a Debye spectrum) was discussed in the concluding paragraph
of section 2.

doi:10.1088/1742-5468 /2011 /02/P02015 8
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Let us now check that the amplitude A in equation (8) vanishes. We merely need to
compute the imaginary part of the self-energy at its lowest order in A, namely A(P=2)/2,
A general term of the diagrammatic expansion involves the factor

/ 4°q Golq, 2) = / dqdQp ¢*Go(a, 2). (25)

where we have expressed the measure in terms of polar coordinates in D dimensions.
Every bare propagator is associated to one or more vertices that are smooth functions of
the involved momenta. In fact, we can expand the product of such vertices in a Taylor
series. Now, the point is that, if we want the lowest order in z, we have to exclude all the
terms that are proportional to ¢ and we have to take only the zeroth-order term of the
Taylor expansion. We can obtain this term simply making the following substitution:

Im / dPqGo(q, A +i0") = —%AUHW / dqdQpé(q) (26)

where Im stands for the imaginary part proportional to A(®~2/2, Then

Ianff)(p,)\+iO+) _ _g)\(D_2)/2/dq/dQD V2(q,p) o )\(D—2)/2p2 (27)

and

(2 ) — 15 (32) 0+

Im¥y (p, A +107) = —Im¥; (p, A +107). (28)
It follows that the amplitude A vanishes, because the 2(02) contribution is already of order

ph:

IS (p, A +i0%) o« —2AP =22V (p, p)=W (p, 2) oc AP-2/2, (29)

In the following, we will show explicitly that the cancellation of the A(P=2/2p? term
arises even for a given topological class (quite large) of diagrams at 1/p? order, and we

will provide an argument that predicts such a cancellation at any perturbative order.

4. The combinatorial computation

The first approach to the computation of the resolvent is based on the expansion of
equation (3) as a power series:

N N

1 .1 N
Gp.2) =3 | Jim o D P oMy | (30)

N—oo
R=1 i,j=1

Although the final results will only depend on p, in order to develop the formalism it is
convenient to reintroduce the dependence on p.

doi:10.1088/1742-5468 /2011 /02/P02015 9
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4.1. Organizing the calculation. The bare propagator

4.1.1. Momentum shift: choosing wisely the integration order. The Rth term of the expansion
equation (30) is

Z Z xin XZO Mlo i Mgy 'Mz‘R,l,iRL (31)

10,01, 7R 1,7=1

where the average over the vibrational centres take the form of a multi-dimensional integral
with measure

As for all such integrals, although the final result is independent of the order in which the
individual integrals are performed, the difficulties encountered in a real computation are
dramatically smaller if one finds a wise ordering for iterated integrations.

Now consider the expression

eiip‘x” [(silviHA Z f(Xkl - Xiz) - [1 - 5il7il+1]f(xil - Xiz+1) ’ (32)

ky#i

which arises as a factor when introducing the explicit form (equation (2)) of M into
equation (31). When dealing with a diagonal term, we shall integrate over the position of
the medium particle, xy,; when dealing with an off-diagonal term, we shall integrate over
x;,. For a diagonal term, the integral over the position of the medium particle is easy, if
the particle index k; does not appear elsewhere in the chain (even if the index 4, is sure
to appear at least once more along the chain). For the non-diagonal term, the integral
over x;, is very simple if it does not appear later in the chain (even if i, appears twice
or more times in the chain, to the right). The two integrals yield

1 .

7 0y — [1 = G Jf (p)Jle ™ e

Since a term of order R has R such factors, the number of values the index k; (or 7;) can
take without violating the non-repetition condition is between N and N — R. But both
N/V and (N — R)/V tend to p in the thermodynamic limit, hence momentum can shift
through non-index-repeating elements from left to right:

o [(Silailﬂ Z f(sz - Xiz) - [1 - 5il,il+1]f(xil - Xil+1)] 7 P[f(O) - f(p)]eiip'xil“.
ky#i
(33)
Similarly, momentum can shift through non-repeating elements from right to left. In that
case, one would integrate over x, (diagonal term) or over x;, , (non-diagonal):

[(Silail-»-l Z f(Xkl - Xiz) - [1 - 5iz,il+1]f(xil - Xil+1)] eip'XiHl - eip'xnp[f( ) f( )]
ki iy
(34)

doi:10.1088/1742-5468/2011/02/P02015 10
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Note that a given matrix element might be considered as non-repeating for momentum
shift from right to left, but it could not be suitable for the left-to-right momentum shift.
At this point, the computation of the leading order is straightforward. If there are no
obstacles for momentum shift, we just push the left exponential e~ to the right until
it cancels out with ez leaving us with (since there are precisely R matrix elements)

PR1f(0) = f(p)]". (35)
Then the high-density limit of the sum in equation (30) is
1
Go(p,2) = ————. 36

which is then the bare propagator of the theory, as announced in equation (6).

4.1.2.  Repeated indices. Now consider a situation where we can shift the external
momentum p from left to right until a particular particle index (say ¢, = 1 or k; = 1) is
repeated in the chain somewhere to the right, so that we must stop. At this point, we
shift the external momentum from right to left, until a particle label repetition ,,, = 2
or k. = 2 stop us. We depict this situation as

. stuff] 2. ... (37)
At this point we will have

P°[f(0) = f(p)]Fe ™ 1 [stuff] 2¢P>r+1 p*[£(0) — f(p)]".
Since the very same scheme of particle label repetitions 1[stuff]2 can be found for all values
L,S5=0,1,2,..., we can sum all those terms to find a contribution

Go(p, z)e P [stuff] 2P *ir+1Gy(p, 2).

We interpret the two factors Go(p, z) as the external legs for a Dyson resummation of the
self-energy.

Clearly particle label repetitions are going to be very important in what follows, so
some terminology will be useful. A generic factor

5il7il+1 Z f(Xkl - Xil) - [1 - 5ilyil+1]f(xil - Xiz+1) (38)

ki iy

will be called an L-stop if particles k; or i; are repeated somewhere to the right (so that
momentum cannot be shifted from left to right through index 4;). Similarly, we shall call it
an R-stop if k; or 7,1 are repeated somewhere to the left. We note that a matrix element
can be both an L-stop and an R-stop (if k; is repeated both to the right and to the left,
or if i; is repeated to the right while ;4 is repeated to the left).

To make momentum flow through an L-stop or R-stops we resort to the so-called
fake-particle trick. Consider a particle label, say 1, that appears twice (for instance, in
an L-stop and in an R-stop to its right). Before carrying out the average over {x;}, we
multiply the term by 1 written as

1 a3 —ve
1= /dDY1 o(x1 —yi) = (2m)P /dDY1 quelq(x1 vi), (39)

Then we can pretend that particle 1 takes two identities, 1 and 1, so that there is no
repetition. The price we pay for this simplification is that:
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e we have an extra integration over the internal momentum q,

e we have to deal with an extra factor €9 at the L-stop and an extra e '®i at the
R-stop, and

e the fake particle y; does not bring a combinatorial N factor or an 1/V from the
normalization of the y; integral, so that there is a lacking factor of p (this we can
ignore if we add compensating 1/p to the final expression).

However, the modified momentum-shift formulae are simple enough to justify these
inconveniences. Integrating over x; we obtain

e Pl [5iz,il+1f(xl - Xiz) - (1 - 517il+1>51,ilf(xl - Xiz+1)] - V(q, p>eii(p7Q)xil+1.
(40a)
Similarly, integrating over y; at the R-stop, we have

(i f(yi — i) — (1= 614, )67,4, ., f(xi, — yp)]ePirse Wi — lP=aX (g p). (400)

As a warning on momentum shift, note that one may shift momentum from left to
right as long as there is nothing to the left still needing integration (and similarly for
right-to-left shifts). Momentum shift can be visualized as a zip with two heads: one pulls
both heads until they meet (and then there are no integrals left to be done).

4.1.3. The reduction formula. Imagine we face the situation
o Astuff]l.

i.e. the leftmost stop is an L-stop at index position [, the rightmost stop is an R-stop
at index position r + 1 and the particle that prevents the two momentum shifts is the
same at both ends, say i; = 4,417 = 1 or any other possible combination (k; = i, = 1,
iy = k. =1 or k; = k). If the particle label 1 does not appear again inside the brackets,
a nice reduction formula follows:

e_ipxil [5il,il+1 f(Xl - Xil) - [1 - 51,iz+1]5i1,1f(xl - Xil+1 )] X [stuff] X [5ir:ir+1f(xl B Xir)
5iy 1]0 b L[
= L= i aldisa f (i, — 3y — pJ (2m)P v

X e i [stuff)etiaxin (41)

This can be proved by averaging over x;. To adjust the power of p, just recall that there
were order N choices for (say) the index coincidence k; = 4,41 = 1. Note that the proof
of equation (41) involves doing four different integrals. Let us see how the fake-particle
formulae (equations (40)) yield the same result effortlessly. The introduction of the fake
particle transforms the left-hand side of equation (41) to

e PXael Py o f(xa =) — (1= 01, )00 f (%1 — xq,,)] x [stuff] x [0, f(yi —%i,)
— (1= 014,001, [ (x5, — yi)]ePXirsie i, (42)

We now merely shift momentum to the right using equation (40a) and to the left using
equation (40b) to obtain

*(q,p)

1 d"q 2 —i(p—a)x; +i(p—a)x;
5] @np V(g,p)“e wx [stuff] x e i,
P
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Now a change of integration variable @ — p — q and the second of the identities (19)
yield equation (41).

Both ¥ and Zf) follow directly from equation (41). Also, more general expressions
can be found easily from it, as we shall see below.

4.2. Order 1/p

If no further particle label repetition arise, the momentum e 4™+ in equation (41) can

be shifted to the right until it is killed by the second exponential e!4*ir. We have then a
set of contributions of the form

f(0) — f(p))]* 1 [ dPq _,
3 p(f(0) = f(P))" /_q

Za—f—l p

p(£(0) = f(@)  [p(F(0) — f(B)))

omp" WP FEEE—

(43)

a+b+c+2=R

composed of the product of three harmonic series that are easily seen to add up to

Gulp.2) % + [ 51 ap)Gala =) x Golp. ) (44

If we interpret the two factors Go(p, z) as external legs of a Dyson resummation, we get

S0p.2) = = [ G5V a.p)Gola2) (15)

which is the first-order result anticipated in section 3.

4.3. Order 1/p?

The cases with two pairs of repeated indices, or one index occurring three times, contribute
to the second-order corrections. The contributions separate naturally into three kinds,
according to the arrangement of the repeated indices.

4.3.1. The nested case: 2542). Take now the scheme of particle repetitions giving rise to
equation (43) and place it in between an external pair of particle repetitions:

200010001200

Assume that the index 2 happens twice and only twice in the chain. We are thus entitled
to use the reduction formula, equation (41), for particle 2. The inner momentum ¢ can
then be shifted (from either side) until it hits particle 1, where it produces a contribution
such as equation (43). The only difference is in that the role previously played by the
external momentum p is now played by the internal momentum q. We get, without need
for further computation:

2.2 =L [ Vi@ pia I @@V @p. @0
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4.3.2. The interleaved case: Eg). The Eg) piece in equation (16) arises from the pattern
L1212

A moment’s thought indicates that the leftmost 1 must belong to an L-stop, while
the rightmost 2 must be an R-stop. Furthermore, the internal 2 should be an L-stop
(otherwise, one would use a fake particle to shift momentum from left to right over it
trivially). For the same reason, the internal 1 should belong to an R-stop.

Our previous success with the reduction formula, equation (41), suggests that we try
to deal with all such terms at once, by performing the integral

dPx; dPxy
/# e PXi [0 i, f (k1 — X)) — (1= 0144, ) 01,0, f (351 — Xi, ][]

V2

X 04 f (2 = %5,) = (1= 024,41 )02, f (%2 — x4,,,)][ -]

X [0 i f (1 = X4,) = (1 = 014, )004,, f (x5, — x0)][ -]

X [0 g0 f (X2 = %i.) = (L= 02,0, ) 02,0, [ (x5, — Xa)]ePzr1. (47)
Here the several |- - -] stand for arbitrary numbers of matrix elements without momentum
stops arising.  Note that not all the ...1...2...1...2... terms have the form
equation (47): the central 2,1 particles may also collapse onto a single matrix element
(necessarily non-diagonal) which is both an R-stop and an L-stop. Such terms will be
considered in section 4.3.3.

We now introduce two fake particles, 1 and 2, to transform the above integral into

d’qd”k [ dPx;dPy;dPx,dPys o
/ (2m)2D / V2 e
O g @ P (31 = x5) = (1= 8140, )01,3,€ P (31 = x4,,)][ -]
Girin 1€ f (%0 = X4,) = (1= 0a,41) 023,02 f (%2 — x3,,,)][+ ]
Oipivir® W (yi —xi,) = (1= 07, )07, ¢" ™ f(xi, —yi)l[- -]

di.. i:41€ _lkny(YQ —x;,) —(1— 5Q,iz)5i,iz+le_ikyif(xiz - YQ)]eipxiZ“' (48)

One then shifts momentum from left to right up to ¢s and from right to left again up to
i, to find

x|
x|
x|
x|

1 [dPqdPk
5/ V(@ P)Go(p = a2V (b~ a)Go(p —a k. 2)
x V(q,p —k)Go(p — k, 2)V(k, p). (49)
Equation (17b) follows after changing integration variables according to

p—q—q, and q—k —k. (50)

4.3.3. The collapse of an L-stop and an R-stop: Eg). As we have remarked, it can happen
that the L-stop and R-stop of equation (47) actually belong to the same matrix element,
necessarily non-diagonal. However, any non-diagonal term should be paired with a
diagonal one. As we mentioned in section 4.1.1, a diagonal term can be both an L-
stop and an R-stop if the medium particle is repeated both to the left and to the right.
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Hence we will be considering here this kind of term (O: of diagonal matrix element, D:
diagonal matrix element):

1...0(21)...2 4+ 1...D(1)...1. (51)

The terms with an off-diagonal index appearing three times (1...0O(17)...1) do not

belong to Eg) and are considered in section 4.3.4.
Let us start with the case 1...D(1)...1:

dDX1 71px
J S P B F = 0) = (1= 810, Do s = i )

X i iy f (1 = X0 ) [ [0 iain [ (30— X4,) — (1= 614,)
X 51ai5+1f(xis - Xl)]eiPXis+1 ° (52)

We now introduce two extra fake particles to substitute for particle 1, namely 1 and 1 via
the identity

1_/dDy1/d z; 0(x1 — y1)d(y1 — 21)

(27T) /qude dDy1 dDZ1 iq(x1—y7) ik(yi—zi)7 (53)
to find
dPqdPk [ dPx,dPy;dPz;
/ (27T)2D / % ! - e PXu [5izyiz+1f(xl - Xil) - (1 - 517il+1)517ilf(xl - Xiz+1)]
X QP ] oy — X, )@l e
X [0y (21 = xi,) = (1= 81,5, )8, [ (i, — 2)]e” P, (54)

Finally we shift momentum from left to right up to ¢,, from right to left up to 7,,; and
integrate over Xxj. We obtain

dr d”qd”k dr k .
1... = q,p)Go(p — q,2)[pf (k — q)]Go(p — k)V(k,p).  (55)

2 27T " (9.\2D

Consider now 1 21)...2:

dDX1 dDXQ ipx;
/Te P [5ilﬂ'z+1f(xl - Xil) - (1 - 517il+1)517ilf(xl - Xil+1)”' ' ]
X [=0i, 2]0, 1 f (%2 = X1) [ ][00 f (X2 = Xi,) = (1= 621,024,
X (i, = %p)]e!PXiss, (56)
Introducing two fake particles, 1 and 2, we can rewrite it as
qude dDX1 dDXQ ipx: iax
/ (QW)QDVQ e PXild 1[511 Zl+1f(X1 - Xil) - (1 - 517il+1)517ilf(xl - Xil+1)][' ) ]
X [_e_iqyi]5ir,26ir+1,1f(x2 - YI)eikm[‘ : ‘][5z‘s,z‘s+1f(x2 - Xz‘s)
— (1= 03,.)05,, [ (xi, — y3)]e V2ePXistr, (57)
Shifting momentum left to right up to i, and from right to left up to 7,,1 we are left with

__/dDde y1 f(xa — yp)e PraTRCe™) = _f(p—q— k), (58)
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so that, adjusting the power of p, we get

1 [dPqdPk »
101).2 = [ S Viap)Galp - a2)l-pf(p —a— k)
Adding together the two pieces, equations (59) and (55), we finally find
qude
5= % [ Gk Viap)Golp — .V (k—a.p —2Go(p —k )V (kep).  (60)

which after the change of variables

q—p-qa k—p-k, (61)
and use of identities equation (19) yield equation (17¢).
4.8.4. The Dyson resummation to order 1/p*. Recalling equation (14), we notice that we

have still not identified the pattern of particle label repetitions that gives rise to the
second-order terms appearing in the Dyson resummation of the first-order self-energy:

20 (p, 2)Go(p, )=V (p, 2), (62)
(we have not written the irrelevant external legs). The natural candidate is
1...1...2...2, (63)

where the sequence is L-stop, R-stop, L-stop, R-stop. This expectation is correct, but it
will turn out that the constraint imposed by the matrix-product structure needs extra
terms to build equation (62). These missing terms will be provided by the pattern
1...0(17)...1.

Let us first compute blindly the term 1...1...2...2, incurring a quite instructive
mistake. We introduce only one fake particle, 1:

e P g Fxa = xi,) = (1= 0uy, )0 f (a1 — i, )] -]
X e WG, f(y1 = %i,) — (1= 01,001, f(xi, =yl ]
X [5i5,is+1 f(xo—x,) — (1 - 527is+1>527isf(x2 - Xis+1)][‘ -]
X i f (%2 = X5,) = (1= 02,3 )00,5. ., [ (xi, — Xp)]e! P01 (64)

We shift momentum from left to right up to i, as usual. At this point, we still need to
push the momentum to the right (this is unusual). We need to perform two integrals:

/ APy e e WIfS, L f(ys = x;,)] = f@)ePe, (65)

/ AP, e TN T (1 — 5y, )07, f(xi, —yi1)] = —f(p — @), (66)

Hence the integrations up to this point yield

1 [ aP N N
p / (27r)qD V(q,p)Go(p — q,2)V(q, p)e™ i = X (p, z)e™ . (67)
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It seems to be an easy matter to complete the computation: one pushes momentum p
to the right up to i, seemingly yielding a bare propagator Gy(p, z), and we would be
left with 2...2 (a standard diagram for the self-energy at order 1/p). However, after
some reflection it is clear that an R-stop and an L-stop such as ...1...2..., where both
particle 1 and particle 2 appear in off-diagonal matrix elements, must be separated by at
least one off-diagonal matrix element. Hence if there are S matrix elements between the
R-stop and the L-stop, when shifting momentum p we will encounter a factor

P°1f(0) = f())° = [pf(0))°
which, adding the geometric series, means
1
Go(p,2) — ——.
z—pf(0)
Hence the correct result is
1...1...2...2=%U(p, 2)Go(p, 2) 2V (p, 2)

1 1 [dPqdPk 5
—————— | ——5V(q,p)Go(Pp —q, 2 —
07 / )0 (4,pP)Go(P — q, 2)[pf (P — q)]
% [pf(p —K)|Go(p — k. )V (k. p). (68)

We will now show that the second term in equation (68) is cancelled by the
contribution from

1...0(17)...1.

In this pattern, the leftmost 1 belongs to an L-stop and the rightmost one to an R-stop.
The first observation is that the central 1 in the O(1?) must necessarily appear in an
R-stop (because we never find the same particle in any matrix element f(x; — x;), and
due to the constraint imposed by the matrix product). The second observation is that
there must be at least one off-diagonal matrix element between the two R-stops sharing
the common particle 1. Introducing fake particles 1 and 1, we are left with

d’qd”k [ dPx;dPy;dPz;
[T | e
X [Oipiver S (%1 = %5) — (1= b1, )00, f (X1 — X,,,)]€ -]
X [=(1 =014, )01, f(xi, — yp)lel [ )
X e M, i fzg —xi,) = (1= 01,)01,,,, f(xi, — 2q)]e” P, (69)

All that remains is a simple momentum shift, keeping in mind that, when going over the
factor |- -], it will give

1 . Go(p — k, 2)

Gop—-k,2)— —— = — —k )
(p )z—,of(O) pf(p )z—pf(O)

(70)

Thus one finally finds

D D
107, 1= —2 1/d ad k

.0 ”] @en® V(a, p)Go(p — q,2)[pf (p — q)]
X [Pf(P —k)|Go(p — k, 2)V(k, p). (71)
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4.4. Higher orders

The argument of section 4.3.1 is fully general. Consider the contribution of order 1/p"
to the propagator, rather than the self-energy (i.e. let us include both the connected and
disconnected pieces). We can write this as Go(p, 2) H™ (p, 2)Go(p, 2). Let us emphasize
that H™(p, z) refers to the full contribution to the propagator at order 1/p", not to a
particular topological subset (such as the cactus [17]).

We may enclose the scheme of particle label repetitions that generates H™(p, 2)
within an L-stop and an R-stop with equal particle labels that do not appear again
along the chain. Under such circumstances, we are entitled to use the reduction formula,
equation (41), which yields

20+ (p 2) = %/ (;)qD V(a,p)Gola, 2)H™(q, 2)Go(q, 2)V(a,p).  (72)

Clearly this is not the full self-energy at order 1/p""!, but it is a genuine part of it that
automatically verifies

20 (p,2) = 0. (73)

In particular if n = 1 this gives the 1/p* term Y2 (p, z) discussed above. It is interesting
to note that

Im S0 (p, A +i07) ~ p2AP-2/2, (74)

since for ¢ ~ 1 and z = A+ 107", for small X it is expected that (for the Debye spectrum
see section 2)

Im H™(q, z) oc \P=2/2, (75)

Thus, the vanishing of the amplitude A in equation (8) implies that non-trivial
cancellations occur at all orders in perturbation theory. Since we are presenting arguments
for such a cancellation, we agree with [31] in that the E(:H) terms alone do not reproduce
the correct analytic structure of the theory.

4.4.1. Towards the self-energy at third order. Using the combinatorial rules described above,
it is possible to push the perturbative computation to order 1/p®, which has never been
attempted before. Here we will limit ourselves to the terms without collapse of an R-stop
with an L-stop (i.e. we will retain only the terms with 6 vertex functions). The reason is
that the combinatorial computation suggests very simple Feynman rules that can be used
to obtain the diagrams, without lengthy computations. The purpose is to check that, at
least within this subclass of diagrams, the cancellation of the prefactor of the p*w”~2 term
still occurs.
Let us describe the Feynman rules. Take for instance a term such as

L1...L3...L2...R3...R1...R2.

The rules are as follows:

(1) Draw an horizontal full line and mark on it the stops (preserving the ordering).

(2) Join the corresponding L- and R-stops with a dashed line.
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(3) The diagram has an incoming momentum p, from left to right.

(4) Attach a momentum to every line (full or dashed), applying momentum conservation
at each stop.

(5) Associate a bare propagator, Gg, to each full line.

(6) Associate a vertex function to every stop, such that its first argument is always the
momentum running over the dotted line.

(7) For an L-stop, the second argument of the vertex will be the momentum running over
the full line to its left.

(8) For an R-stop, the second argument of the vertex will be the momentum running over
the full line to its right.

(9) Multiply by 1/p® and integrate over the internal momenta.
Applying these rules to the patterns without stop collapse, we obtain the following
contributions.

(a) Terms L1...12...L3...R3...R2...R1.

- S~

[ _ ::" :'"¢' ."--~‘l ‘«““l ‘\“: _ i / qu de le
1 P (2m)3P
x Go(L,2)V(k =1 k)Go(k, 2)V(q —k,q)Go(q, 2)V(p — q, p). (76)

Now we wish to compute (Sp : surface of the unit sphere in D dimensions) the limit

(2m)P y Im I, (p, 2)
7TSD ot z(D=2)/2 7

J = — (77)

and in general, Ji, defined from I;(p, z) as the same limiting procedure.
The rules to obtain the limit painlessly are simple:

(1) Locate a propagator, G(q), whose running momentum is never a second argument of
a vertex function V' (-, q).

(2) Substitute that propagator by —(7Sp/(27)D)2P~2/25(q) and perform the ¢ integral.
(3) Apply the simplification

V(q,q)

Gola,2)V{a,9) = =705

=1+ 0(z). (78)
For I only [ = 0 gives a contribution to J;, hence

d? de
_ L / 9K (b — a,p)Cola =)V (g — k, @)V (g - k,q)

271' 2D

de%)V@—qm) (79)
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(b) Terms L1...L2...L3...R2...R3...R1

g Seo

f,ft~~ dPqdPk dP1
— -3 T (2rpb
X GO( ) )V(q_kaq_k_'_l)
x Go(a—k+1,2)V(k—1,q)Go(a,2)V(p — q,p). (80)
For I, one easily realizes that only [ = 0 contributes to .Js:
1 [dPqdPk
hz;g TEETV@—qm%ﬂ%@Vm—ka&AmM%@Wp—%M~ (81)
Since V(q — k,q) = —V(k,q), one has Jo = —J;.
(¢) Terms L1...L2...R2...L3...R3...R1

g Seo

. dPqdPk d”1
o __/ 1%
x V(p—4q,p)Go(q, 2)V(q — k,q)Go(k, 2)V(q -k, q)
x Go(q,2)V(qa—1Lq)Go(l,2)V(q—1,q)Go(q, 2)V(p — q,p). (82)

Both k = 0 and 1 = 0 contribute to J5 (for k = 0 we changed the dummy variable 1 to k):

-2 [ ad kg p)V(a = ke q)Golk, 2)V(a — k @)Go(d, 2)V (P — 4, ).

27T 2D
(83)
(d) Terms L1...L3...R3...L2...R1...R2
dPqdPkdP1
Iy = -3 27T3D
x V(p— q,CM%)V@ k,q)Go(k, 2)V(q -k, q)
x Go(q,2)V(qa—1,9)Go(L,2)V(p —q,p —q+1)
x Go(p—q+1,2)V(q—1p). (84)
For J; both k = 0 and 1 = 0 are relevant:
dPqdPk
=— qw V(p—q,p)V(qa—k,q)Go(k,2)V(p—q,p—q+k)
27T
dPqdPk
x Go(p—q+k,2)V(qg— kp)ﬁL/T%@TV@—%m
x Go(q,2)V(q—k,q)Go(k, 2)V(qa —k,q)V(q,p). (85)
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(e) Terms L1...L2...L3...R3...R1...R2

.....

Ll e /qudele
S T —— '_p3 (273D

x V(p—q,p)Go(q,2)V(q —k,q)Go(k, 2)V(k — L k)
x Go(L,2)V(k = Lk)Go(k,2)V(p—a,p —q+k)
X GO(p_q+ka Z)V(q_ka p) (86)

The only relevant contribution is now 1 = 0:

qd’k
= —/ (om0 V(p—a,p)Go(q,2)V(a -k qV(p-ap—q+Kk)
X GO(p Q+k7 Z>V(q_ ka p) (87)

(f) Terms L1...12...R1...L3...R3...R2

- -

d”qdkd"1
Iy = 25 i — o
x V(p—q,p)Go(q, 2 )V(q k,q)Go(k, 2)V(p—q,p —q+k)
X Golp—a+k,2)Vip—q+k—1p—q+k)Gy(l 2)
xV(ip-—q+k—-1p—-—q+k)Gi(p—-q+k, 2)V(q—k,p). (88)

Jg stems both from k = 0 and from 1 = 0. For the k = 0 contribution, we make the
change of variable q — p — q to identify the cancellation with Js:

3 / qude p)V(q -k, q)GO(kv Z)V(q -k, Q)Go(q, Z)V(p —q, p)

+ = / %V(p —q,p)Go(q, 2)V(a—k,q)Go(k, 2)

xV(ip-—qp—-—q+kV(g—-k,p). (89)

(g9) Terms L1...L2...L3...R1...R3...R2

dPqdPkdP1
I =i i - TR
x V(p—q,p)Go(q, 2 )V(q k,q)Go(k, 2)V (k — 1 k)
x Go(L,2)V(p—q,p —q+1)Go(p—q+1,2)
x V(k—=1p—-q+k)Go(p—q+kz)V(qg—k,p). (90)
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Only 1 = 0 contributes to J7:

qude
=5 anm V(p—q,p)Go(q,2)V(a -k q)V(k,p-q+k)
x Go(p —q+k,2)V(q—k,p). (91)

(h) Terms L1...L3...L2...R1...R3...R2

" .
~~~~~~

fff d” qd’kd”1
fy = —— -3 C(2n)pP
xV(p—a,p %m,wm k,q)Go(k, 2)V (k — 1,k)
x Go(L2)V(p—aq,p—a+1)Gop—a+L2)V(qg-kp+1-k)
x Go(p+1-k,2)V(k—1p). (92)

Again, only 1 = 0 matters:

__i/ mﬁg( V(p—q,p)Go(a, 2)V(a — k, @)V (a —k p — k)Go(p — k, 2)V(k, p).
(93)

(i) Terms L1...1L3...L2...R3...R1...R2

qudele
e (27) T (9.)3D
xV(p—a,p %m,wm k,q)Go(k, 2)V (k — 1, k)
X Go(p—k—i—l, z)V(k—l,p). (94)

And, once again, only 1 = 0 contributes:

g ="
. e el
. . .
I I g .

qude
:_i/ V(p—q,p)Go(q,2)V(a—k,q)V(p—a,p—k)Go(p — k,2)V(k,p).

27T2D
(95)
(j) Terms L1...L3...R1...L2...R3...R2
SN dPqdPkdP1
To=:0_1 % =5 |
x V(p— q,CM%)Vm k,q)Go(k,2)V(p—q,p—q+k)
X Golp—a+k,2)V(ip—q+k—1Lp—q+k)Gy(l, z)
xV(a—k,q—k+1)Go(q—k+Lz)V(p—q+k—1p). (96)
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Here we have a contribution from k = 0 as well as from 1 = 0:

2 [ dPqdPk
o= [ “aapp VP a PV - a-kp -Gk Vg atk

x Go(q+k,2)V(p—q—k,p). (97)

4.4.2. Resummation of the imaginary parts. The resummation of the imaginary parts of
the previous diagrams is simple. Using the properties of the vertex V(p, q) and changing
carefully the integration variables when necessary we can show that

Ji4Jo =0 (98)
Js+ Ji+ Js+ Jip =0 (99)
Js+Jr =0 (100)
Js+Jo =0 (101)

so that

and the total contribution to the imaginary part proportional to z(P~2/2 vanishes.

5. A field theory approach

In this section we will introduce a field-theoretical representation for the resolvent G(p, 2).
Within this formalism one is able to obtain the perturbative computation for the self-
energy in a more straightforward way than with previous formulations [15]. Interestingly
enough, due to the ultraviolet behaviour of the bare propagator of the field involved, such
a perturbative expansion yields some divergent terms that can be summed up to zero.
The starting point is the following representation for the resolvent:

G(p, z) =
Z N ST doi)gio; expi=(1/2)3,,, dil(z— 3, f(Xz—Xk))5zm+f(Xl—Xm)lcbm}.
N JATY dos) exp{—(1/2)3,,,, dul(z— X2 F(x1=%1)) 0+ f (X=X | 1}

(103)
Introducing the fields
(bi X =X,

_ 104
$(x) { arbitrary X # X;, (104)
_ ! Z 5(x —x (105)

= - k)

p
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one has

2

G(p,z) = %/dedDyeip-(Xy)%i(y)/ (H do(x;)p(x)p(y) eXp{Sp[ng]}), (106)

where we have introduced the action and the partition function at a fixed realization of
the disorder, given respectively by

061 = ~5 [ aPxdPy o) [sp(00x - y) ~ pp(x0x ) [ @0 fx = a)olo)

n pp(X)f(x—Y)p(y)]cb(Y), (107)

z,~ [ (Hdas(xi)) exp{S, (6]}, (108)

Now we note that the action equation (107) depends on the field ¢ only through the
values that it assumes on the random positions {x;}. In fact, in the action, the field ¢ is
always multiplied by the random field p, which selects the random points of the lattice
{x;}. So, we can substitute the discretized functional measure with the continuous one:
this is a crucial step. The continuous version of the functional integral is invariant under
the following transformation of the field ¢, which we shall call a gauge transformation:

¢(x) = ¢(x) + h(x),  with h(x;) =0, i=1,...,N. (109)

This is a local transformation, but we can see that its global version is trivial because
the condition equation (109) implies that a global transformation can be possible only for
h = 0. This local symmetry is not present in other field-theoretic formulations [15].

We now look at the resolvent: it can be written in the form

Glp.2) = [ aPxAPyem ) y) (000, (10

where (-) stands for the average over the action S,[¢]. We immediately see that
p(x)p(y)(d(x)d(y)) is gauge-invariant. With the change of variables

p(x) = 1+ 5p(x) (111)

the resolvent can be written

6(p.2) = [ aPxaPyer s {8 oxot) + 2500 00xI0)

+ B339 (@000 | (12)

with the action

S0 =4 [ aPxaPy 6(al(z ~ pf(0)6x ~ y) + pi (x = ¥)}o(y)
- [ @PxdPy do o(x10)60(0) Vil )

- [ PxdPy do dy6(x)oy)3p(e)5p(1)Vilx. 5.9, (113)
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where

Va(x,y,0) = [(z — pf(0))3(x — )3 (o — %) — pd(x — y) f(x — &)
—pf(x—y)é(x—0a)+d(o—y)), (114)

Vix,y,0,7) = pd(y —x) f(x —y)d(y — o) — pd(v = x)0(x — y) f(x — o). (115)

Note that the first term of equation (112), when computed in the limit dp = 0 of
the action (equation (113)), yields the bare propagator Go(p,z). The first term then
corresponds to the free (Gaussian) part of the field theory and the terms involving three
and four fields are the interacting part. The latter can be treated perturbatively using
standard diagrammatic techniques of field theory. One can easily see from the form of the
interacting terms that in such diagrams no loops involving the dp field may arise because,
at fixed disorder, it acts as an external field while a generic n-loop diagram comes from
the average over the disorder and yields a 1/p"™ contribution to the resolvent.

5.1. The correlation functions for the density field

In order to perform the loop expansion one needs the n-point correlation functions of the
dp field. Since

@IHT@):/(HM{Z) Z(sx_xk /1)]; 1 (116)

one has
Ip(x) = 0. (117)

Similarly, the fact that

p(x)p(y) = 1+ dp(x) +dp(y) + dp(x)dp(y) = 1+ dp(x)0p(y)

:_ZZ/< dDXl) 0(x = xp)o(y —x;)
:_Z/< ‘ XZ) 6(x — xx)0(y — x;)
+—Z/< ! XZ) §(x = xp)0(y — xu)

N(N-1) N 1
= P + szé(x—y) — 1+;5(X—y) (118)
implies that
1
op(x)dp(y) = ;5(X -y). (119)

To carry our the perturbative expansion up to order 1/p? the three- and four-point
correlations are needed. These can be derived according to the lines described above,
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giving

5P()87(y)30(@) = %&x — y)(y — 2) = 5pX)3p(y) - 5p(y)0p(@), (120)

op(x)op(y)dop(z)dp(t) = %ﬂx —y)8(y —2)0(z — t) + dp(x)dp(y) - 6p(2z)dp(t)

+ dp(x)dp(z) - 6p(y)dp(t) + dp(x)dp(t) - dp(y)dp(z). (121)

5.1.1. The general expression. We may write as well the expression for the arbitrary n-
point correlation dp(y1)dp(yz) - - - dp(yr), needed to compute the self-energy to order 1/p?
or higher in the field theory. To give our result, we shall need some notations.

Let w be an arbitrary partition of the set {1,2,... k} into subsets. For instance,
for k = 4, w could be a partition into two subsets, such as w = {{1,2},{3,4}} or
{{1,3},{2,4}}, or a partition into four subsets such as {{1},{2},{3},{4}}, etc. Let
|la]| be the cardinality of the set «, for instance, if w = {{1,2}, {3,4}}, then |lw| = 2.

We also define P the set of all possible partitions of {1,2,...,k}. Given a partition

w, the subsets associated with it will be €, with [ = 1,2,...,||w||. We shall need to
consider H™) | a subset of the set of all partitions P*). H®*) is made of all partitions w
such that ||| > 1 forall i =1,2,...,||w]|, i.e. partitions in which none of the subsets
contains less than two integers. Then the general result is
1 lwll [ 1190l-1
op(y1)op(y2) -~ 0p(yx) = Z(k) =] lH H 0T giter = Yoten) | | - (122)
weH = r=

The proof is given in the appendix. To recover equation (120) from this formula, note
that the set H®) of allowed partitions of {x,y,z} contains a single partition, with
just one subset (||w|| = 1), namely w = {{x,y,z}}. On the other hand, to obtain
equation (121) we need the set H*) of allowed partitions for {{x,y,z,t}}. There are four
such partitions, namely w1 = {X7y7 Zat}a Wy = {{Xa y}7 {Zat}}a W3 = {{Xa Z}a {yat}} and
ws = {{x,t},{y,z}}. Clearly, ||w;| =1, while ||wa|| = [|ws|| = |Jws]| = 2.

5.2. Diagrammatic expansion: one loop

In order to write down the one-loop term it turns out to be convenient to write V3 and V}
in terms of the interaction vertex (equation (18)):

/dDX dPgeP P T(xy, o) = Gy (p1) = V(P2 —Pl)]ei(pﬁpz)'y
= pu(p1, pa)e PPy (123)
/dDX dDO' dD,Y eipl-x+ip2-a+ip3-‘yw(x’ y, o, ,7) — _V(pz, _pl)ei(p1+p2+p3).y. (124)

The latter expression depends only on two momenta. Thus when the vertex V} is involved,
one has to make its expression symmetric by joining the dp propagators with the two
possible external links offered by this vertex.
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P 1

= —-Go(p,z

P o(p, 2)
1Y 1
ANNNNNANANANVY T —
p

= n(p;a)
= -V(p,—q)

Figure 1. Diagrammatic notation.

Figure 1 defines our diagrammatic notation. Note that the vertex Vj is not symmetric
under the interchange of the two dp lines. Now we are able to write down the one-loop
diagrams.

Recalling that the resolvent G(p, z) is given by equation (112), we compute the one-
loop contribution to (¢(x)p(y)):

LY = —ﬁ‘— _ Gilp.2) / (qu Go(p —q.2)p*(p,—q)  (125)

p 2m)P

Q =0 (126)

The last diagram gives a general result: every tadpole made with a vertex with four fields
gives a vanishing contribution due to the form of the vertex. The term with one external
dp insertion, arising from dp(x){p(x)p(y)) is given by

Ly = Q— _X(p.2) / (qu Go(p — g, 2)p(p, —q) (127)

p 2m)P

The last contribution to the self-energy at one loop comes from dp(x)dp(y)(p(x)p(y)) and
1s

1) _ 1 qu
L zfﬂ = ;/WGO(p—q, 2). (128)
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Note that this last contribution has an ultraviolet divergence since the propagator goes to
a finite constant when the internal momentum goes to infinity. Nevertheless, by adding
the four diagrams

W, 0, e 1 [dq )
Ll _'_LQ +L1 _; (—G (p_q7z)[lu(p7 —Q)G0<p72)_1]

2m)D 0
- G%(E’Z) /((;:?DGo(q, 2)V¥(a,p) = G3(p, 2)S (p, 2), (129)

the divergence disappears and one recovers the combinatorial result for the one-loop self-
energy.

5.3. Two loops
Let us first consider the two-loop diagrams arising from (¢(x)¢p(y)):

Gi(p,z) [ dPqdPk
LPE@Z e(0 )/ L G4, 2)Go(a — K, 2)

p2 (27T)2D

x p2(p,q - p)i*(q, k) (130)
- LI “ips) | dgj;ZkGo<q, 2)Go(k, 2)Golp — q — k. 2)

x u(p,q—p)u(p, k —p)u(a, k —p)uk,q - p) (131)
1 = L - O[O G a6k Dt —

x p(p.k —q)u(p,k —p) (132)
1 = L - ) K 4. 2)Golk )up.a — Pl k)

x [V(p—q,—q) - V(k—p,—q)] (133)
Lég) = —{H—Jﬁ— = —ZG%IEE’ ) / d(’;:;ijjkGo(q, 2)Go(q — k, z)u(q, —k)

x[-V(p-ak-q) - V(kk-q) (134)
LY = = Gg(p‘;’ 2 / dgig;kGo(p —q-k 2)V(q,p)

x [V(a,k+q—p)+V(kk+q—Dp) (135)
P =& &% = Gg(p% ) / dgig;kGo(k, 2)Go(d, 2)u*(p,q — p)

x 1*(p,k — p). (136)
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The diagram Lg) seems to be already included in the Dyson resummation of the one-
loop result. However, since diagrams with one and zero external legs have to be included
in the diagrammatic expansion, it also provides a genuine contribution to the two-loop
result. Note that in order to obtain L(32) one uses equation (120) for the three-point
correlation of §p. The other diagrams involve only the disconnected part of the four-point
correlation function, while the connected one would only matter at three loops.

Next we must consider the contribution arising from 0p(x)(¢(x)o(y)):

AN S < [ G a ia -k nlpa - p

p

x p(q, —k) (137)
- EERy 23] [ @A K Gl 2)Golk2)Go(p — a k.2

x p*(k,q — p)u(a, k — p)u(p, k — p) (138)
L%) = m = QGO’EE’ ?) / d(’;i;i:;kGo(q, 2)Go(k, z)u(q, k — q)

x u(p,k —p) (139)

2 _ﬁ _ 2Go(p,2) [dPqd”k

¥ = -2 [ SR Gola (k. (e k—

x [V(p—a,—k) + V(g -k, —k)] (140)
=L Ty 2O [EACKG 4Gl k- )

x [V(p—a,—a) +V(k—p,—q)] (141)
o =& oy - AR [T 4 2)Golk 2o k-

X p(p,q— Pp). (142)

As before, we have used the disconnected part of the four- point function, apart from L%)

where we have used the three-point function. Note also that L 3) arises both in the Dyson

resummation and in the two-loop expansion.
Finally, we consider the diagrams arising from dp(x)dp(y)(p(x)o(y)):

dPq de

L = @ / ———5-G(a,2)Go(q — k, 2)p*(q, —k) (143)
de

L(125 E% / 27T 2D )GO(k )GO(p_q_ku 2)

x p*(q, k —p)uk,q—p) (144)
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oy =E T [ G 2 Gtk ek~ (145)

= m / d];if;k ,2)Go(k, )
@ _ _ Go(p,z) dPqd”k . .
Lig = M = e / (272D Go(q, 2)Go(k, 2)
x p(p,a—p)up.k—p). (147)

We now show how the diagrams can be summed up to give the combinatorial expressions

. . 2
for the self-energy. Consider the diagram Lg )

; it has the same topology (in the sense of
momenta flow and vertex positions) of Ef). In fact, it can be combined with Léz) and

Lﬁ) to give

dPqdPk
L2414 1@ = —/inQ(p, 2)G2(q, 2)Golq — K, 2)
x V*(p — q,p)i’(q, —k) (148)
=S (p.2) + Uu(p.2), (149)

where we have defined

(p.2) = = [ TG Gi(p.2)Go(k 4V (b — a.p) — 2G3(p.2)Gi(a.

X GO(k7 Z)Vz(p - q, p)V(q— k7 Q)] (150)

In the same way we can combine L(22), LE,Q) and L(l?; they have the same topology of

Y5(p, 2):

dp de
LY +L¢ + 1% = / 21 55 Gola, 2)Go(k, 2)Go(p — a — k, 2)u(q, k — p)
u(k, a-p)V(p—-a,p)V(p-kp) =32 (p,2) + QD 2) (151)
where

(b2 = [ %mp, 9Go(p—q—k,5)V(p— 4, p)V(p — k. )

— 2Gg(p, 2)Go(a, 2)Go(k, 2)V(a + k,p)V(p — k,p)V(a + k k)] (152)

We now add the diagrams L ), L(l? and L%) because they produce the Dyson
resummation of the self-energy at one loop that we want to isolate from the other
contributions that have to be included in the self-energy at two loops. They give

dPqdPk
LY+ LY+ LY = / 2(71r .- Go(p, 2)Go(q, 2)Go(k, 2)V (p — q,p)
x V(p —k,p)u(p,a — p)u(p,k —p) = Go(p, 2) 2V (p, 2)
X GO(pa 2)2(1)(1:)’ Z)GO(pa 2) +Q3(pa 2)7 (153)
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where

0up.2) = 5 [ S Gulp. )6u(a )Gl )V (b 0BV (b~ ko)

2
x (1 =2Go(p, 2)V(p — q,p))]. (154)

At this point one can check that
(P, 2) + (P, 2) + Q(p,2) + LY + LY + LY + LY + Lig) + L + LY + Lig + L7
=20 (p.2) (155)

and the combinatorial result is recovered.

5.4. The small p behaviour

We will now prove that the prefactor of the term p?A(P=2/2 is zero to all orders in
perturbation theory. For this purpose, the field theory approach turns out to be very
convenient. Consider the vertex V3 with three fields:

q
P+4q o o

=Gy (p,2) + V(a,p) = 2 — pf(0) + pf(p) + pf(a) — pf(P—a).  (156)
p
It is easy to see that this vertex is symmetric and can be written as
Vs =2+S5(p,q),  where S(p,q) = S(q,p). (157)
Moreover one can check directly that

S(p,0) = 5(0,p) = 0. (158)

Consider now the vertex with four fields. We see that the Wick contractions between the
fields dp symmetrize the vertex. In fact in every diagram this vertex appears in the form

=—(V(k,—p) + V(g —p —k,—p))

—p(f(k) - f(p+k)+ fla—p—k) — f(qg—k)). (159)

The important thing is that this vertex vanishes when one of the two GGy bare propagators
carries a null momentum. Consider now a diagram that arises from the expansion of the
resolvent G(p, z). At the lowest order in z when the diagram contains some three-field
vertices one has to consider only the symmetric part of these vertices. Let us apply the
method explained above in order to extract the contribution to the self-energy proportional
to 2(P=2/2 Apparently, if one sets to zero the momentum of a bare propagator that enters
into a vertex then its contribution to the imaginary part vanishes. This seems very strange
because from this argument it follows that only L(gl) contributes to the imaginary part.
Moreover if we consider the two-loop contributions we see that there are no contributions
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to the imaginary part of the self-energy because the diagrammatic expansion Lf)fL%)

contains at least one vertex that vanishes when we set to zero one of the momenta brought
by a ¢ propagator. However, the argument is not complete. Actually, the diagrammatic
expansion LgQ)—L%) does not contain only the contribution

Go(p, 2)2? (p, 2)Go (p, 2) (160)

since it contains also the Dyson resummation of the one-loop self-energy. This is the fact
that completes the argument and will lead us to prove that a contribution proportional
to 2(P=2/2p2 cannot appear at any order in perturbation theory.

We start checking the argument just given at the one-loop level. Let us introduce the
notation

-------- G2 (161)

so that the self-energy at one loop can be written diagrammatically as

SR SR s SR W (162)

From this expansion and from the above argument one sees that the imaginary part of
the self-energy (we will refer always to the imaginary part proportional to z(P~2/2) may
come from the last diagram and is correctly given by

Im lim S (p, z +ie) oc 27722V %(p, p), (163)

e—0

which is also the contribution that can be easily calculated from the combinatorial
expression. Now consider the expansion at two loops. From the combinatorial expressions
of the self-energy we immediately see that the imaginary part comes from only Zg) and
can be rewritten in the form

Imlim 2@ (p, z + ie) oc —22P~22V(p, p)=V(p, 2). (164)

e—0

Consider now the diagrammatic expansion for the two-loop self-energy ngLLg?. We have
to extract from this expansion the term

2(1 (pa )GO(pa )2(1)(13’2) (165)

Now we will do this in a diagrammatic way. Consider the diagrammatic expansion for
the above term (figure 2). If we want the imaginary part of the self-energy proportional
to 2(P=2/2 we have to consider the term

A<p7 ) GO p7 ZL(Q GO p7

and the diagrams in figure 2. When we calculate this contribution we have to set to zero
the momentum carried by one internal propagator Gy so that the contribution coming
from A(p, z) does not matter. We have to calculate only the term coming from the Dyson
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5D (p, 2)Go(p, 2) 5 (p, 2) =

Figure 2. Diagrammatic expression for equation (165).

resummation so that the imaginary part of the self-energy at two loops is given by

Im lim ¥® (p, z +i€) = —2 [Ifn lim W (p, 2z + ie)}

e—0t e—0t
X & _______ _ 22(1)(p, z)Ifn 111(% {& ....... }
+ T lim, [Qﬁﬂ—\} (166)

e—0F

= 2% (p, 2)Im lim {& ....... ] x —22P=22y (p, p)=W(p, 2). (167)

At this point we can give also the analytical argument
Im 1i1% 23 (p, z +1i€) = —Im lir% [E(l)(p, 2 +i€)Go(p, 2z + i) 2V (p, 2 + i€)] (168)

x —2V(p,p)S(p, 2) (169)
where we have used the fact that

(0, 2) = 0. (170)

On the same line we can give the imaginary part proportional to 2(P=2/2 at three loops
because this contribution comes from the Dyson resummation of one- and two-loop self-
energy:

Imlim @ (p, z + ie) = —~Imlim [SVGEVGEW + 25WGE@]  (171)

e—0 e—0

« 2(D-2)/2 (3[2(1)]2 — 2V (p, p)E(Q)) ' (172)

doi:10.1088/1742-5468,/2011,/02/P02015 33


http://dx.doi.org/10.1088/1742-5468/2011/02/P02015

On the high-density expansion for Euclidean random matrices

At this point we can give a general expression for the imaginary part proportional to
2(P=2)/2 at any perturbative order:

~ . (n) N za)
Im lli% " (p, z + i€) Im lim Z Z H (p, z +i€)Go(p, z + i€))

e—0
Bl yeenyl a=1
ZZJ niig <n

x [Go(p,z+ie)] | . (173)

From this expression we can prove by induction that the imaginary part of the self-energy
proportional to z2(P~2/2 cannot appear at any order in perturbation theory. In fact, we
have seen that it does not appear at one and two loops so we can prove that if it does not
appear up to n loops it does not appear up to n + 1 loops too. We can see that

Im lir% S8 (p, 2 +1€)Go(p, 2 + i€) oc 2P=D/2p (174)

where v > 2 and where we have showed only the term at lowest order in z. Moreover we
have

S¥(p, 2)Go(p, 2) ~ 1+ O(p?) (175)

where we have neglected the higher order in z. It follows that the generic term in (173)
is of order

Z(D—Q)/2pﬁ (176)

with 3 > 4 because [Go(p, z)] ™' ~ p?. This completes the proof.

6. Conclusions

In conclusion, we have given a detailed description of the perturbative high-density
computation of the resolvent (and, in particular, the density of states) of Euclidean random
matrices within two different formalisms. The combinatorial formalism of section 4 results
in fewer diagrams and is probably more convenient when the goal is to obtain an expression
of the self-energy at a given order. On the other hand, the field-theoretic formalism
(section 5), though producing a higher number of diagrams, has allowed us to analyse
the p — 0 behaviour at all orders in perturbation theory. This analysis shows that
the imaginary part of the self-energy in the limit of small momenta (which controls the
width of the Brillouin peak of the dynamic structure factor) has, in contrast to previous
claims [15]-[18, 31], the structure

2
—Tm (), p) = BAPD/2pt C)\D/QZZ—Q T (177)

where C, B > 0 are amplitudes and c is the speed of sound. This implies in particular a
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p? scaling for the Brillouin peak width, but it also shows that the structure of the theory
is more complex than in the case of scattering from lattice models [30].
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Appendix. Proof of equation (122)

The proof proceeds by induction.  First note that the explicit computation in

equations (117) and (119) already implies that equation (122) holds for & = 1 and 2.
The cornerstone of the proof is a general result for the k-point correlation functions

of p (rather than dp). The sought correlation function, in the thermodynamic limit, is

flwll €20 -1
1
p(y1)p(ye) - p(yr) =1+ Z el H H 5(ya£z,w) — yafjr“{))
weP®), |lwl|<k 1=1,[1,0[1>1 r=1

(A1)

Equation (A.1) looks very similar to equation (122), yet we note the following crucial
differences.

e The partitions w belong to P*) rather than to the restricted set H*). In particular,
the term equal to 1 in equation (A.1) follows from the only partition w with ||w| = &,
namely {{1},{3},...,{k}}, which obviously does not belong to H®.

e In the innermost product in equation (A.l), a subset €, with just one element,
1€, ]| = 1, merely contributes a factor of one. Hence, for all practical purposes, such
a subset (2, can be ignored.

To establish equation (A.1), first note that
N

p(y1)p(y2) - p(yr) = ik Yy —x,)0(y1 —xi,) - 0 (yk — Xi,), (A.2)

11,82, =1

where the average is taken with respect to the flat probability measure:

Hz’]\il d”x;

YN
Now, for a given assignment of the k particle labels iy, is,... 4, we declare that all
terms with a coinciding particle label ¢, form a subset €);,,. It is then obvious that every
assignment of the k particle labels iy, 4o, . . ., ix defines a partition w in P*). Furthermore,

a little reflection shows that all possible partitions in P*) can be obtained in this way.
Equation (A.1) follows from the following three facts about a given partition w:

(1) There are N(N —1)--- (NN — N),|) possible assignments of the k particle labels iy,
i, ..., that yield the partition w (you are given N choices for the particle that
appears in the subset €, N — 1 for that appearing in €, and so forth).

(2) A subset with a single element, ||€; || = 1, contributes a factor 1/V.
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(3) A subset with more than one element, ||€;,|| > 1, contributes a factor

1 €20 -1

V H 5(ya£z,w)—ya£zﬁ)).

=1

Now consider a partition w that belongs to P*) but does not belong to H*). Imagine
that w contains k£ — s subsets ), with just one element. The values that s can take are
s=0,2,3,4,...,k—1. We are not interested in the trivial case s = 0, which corresponds
to the partition {{1},{3},...,{k}}. Hence, for s > 0, we simply erase from w all the k —s
subsets €, with || ¢|| = 1. The s integers

A={30, ..., 5,

that belong to the remaining €2; ,,, form the irreducible set A associated with the partition
w. The list of €, with ||| > 1 provides a partition @ of A, which obviously belongs
to H®N. Furthermore, ||w|| = k — s+ ||@||, so we have for the prefactor in equation (A.1)
that

1 1

ool = el

Hence, since s < k, the induction hypothesis implies that the added contribution in
equation (A.1) of all the partitions sharing the same irreducible set, A, is

op(ypn)op(ypa) -~ 0p(ypn).
At this point, we may rewrite equation (A.1) as

lwll [ 112,0ll-1

1
p(y1)p(y2) - p(yr) =1+ Z m H H 5(}’0&@ - yag,w))
) r=1

+1
weH(k =1

k—1
+ ) > op(yap)dp(yss) - op(yss). (A.3)
5=2 A={B{,84,....00}

We finally note that, if one writes p(y,) =1+ 0p(y.):

p(y1)p(yz2) -+ p(yr) = 1+ 0p(y1)op(yz2) - - - dp(yx)

+ i > p(ysp)op(ysy) - p(yap)- (A.4)

S=2A={B1 BB}
Comparison of equations (A.3) and (A.4) completes the proof.
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