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Distribution of electron scattering resonances in a disordered metallic grain

Abstract

The system under study consists of a dirty metallic grain and an M-channel clean wire
connected to it. The reflection of waves incident on the metal is described by the S matrix.
We are interested in the statistics of resonance widths (i.e., imaginary parts of the poles of
the S matrix). Using the framework of a supersymmetric nonlinear sigma model we derive
general formulas of the resonance widths distribution for all three Wigner-Dyson classes and
calculate it in the zero-dimensional limit for the case of identical transmission coefficients.
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1 Introduction

Wave scattering by a disordered medium with randomly distributed impurities has been
actively studied for last decades both theoretically [1, 2, 3, 4, 5] and experimentally |6, 7, &, 9].
The main object characterizing the process of scattering is the energy-dependent S matrix
that relates the amplitudes of incoming and outgoing waves. Due to the random nature of
the scattering potential, it makes sense to describe the S-matrix characteristics using some
statistical measures. One of challenging problems in the area is to study statistics of the
so-called resonance widths, i.e., imaginary parts of scattering matrix poles £ = F,, —i[',,.
Resonance widths are of a great interest because they determine temporal properties of wave

scattering.
There are two complementary ways to describe chaotic scattering. The first one is the
semiclassical approach. The primary paper in this direction is [10]. The peculiarity of the

semiclassical approach is that it operates with the genuine microscopic Hamiltonians. It
allows one to take into account characteristics of specific systems.

The second way is the stochastic approach. It is based on averaging over an ensemble of
random Hamiltonians. Such ensemble averaging can be performed using the supersymmetry
method as was demonstrated for the first time in this area of study in papers [11] and [12].
Authors of these papers used the standard random matrix theory (RMT) framework. The
peculiarity of this approach is its universality. More precisely, statistical characteristics of
closed systems do not depend on microscopic details. This is true only on energy scales much
smaller in comparison with Thouless energy Ery, = 1/7eg, Where 7o is the characteristic time
needed for a particle to pass through the sample by diffusion. Rigorous microscopic proof
of the universality hypothesis for a metal grain was obtained by Efetov [13], while studying
the pair correlator of energy levels. The RMT approach made it possible to study many
properties of disordered systems, in particular scattering resonance statistics |2, 3, 4, 14, 15].
Some of theoretical results have been verified experimentally [7, 8, 9, 16] and numerically
17, 15,

But the supersymmetric approach does not stop there. The supersymmetric nonlinear
sigma model formalism developed in the work of Efetov [19] is one of the most effective
tools for describing a dirty metal. In particular, RMT corresponds to the so-called zero-
dimensional limit of the sigma model. Using the sigma model allows one to extend the class
of systems under study. For example, in a recent paper [!] the formula for the resonance
density in a quasi-one-dimensional sample was obtained as well as pertubative formulas
that are valid in any dimension. These results, like most of those obtained within RMT
framework, were obtained for systems with broken time reversal invariance (class A). It is
interesting to generalize the sigma model approach to systems with preserved time reversal
invariance (classes Al and AII).

In the present work, we will develop the general method for calculating the resonance
widths distribution in all Wigner-Dyson classes. Our formulas will be valid in any dimension
and for any type of the interface between the disordered system and the wire. To obtain
these formulas we will use the sigma model framework. But unlike most works in the area,
we will use it to describe the whole system, not just the disordered part.

The structure of the work is the following. In Chapter 2 we formulate the problem and
carry out some general calculations preceding the sigma model. In Chapter 3 we show that
the resonance density can be expressed through the partition function of the sigma model
with sources. To calculate the partition function it is convenient to use Fourier analysis
on the sigma-model manifold [20, 21]. Using it, we obtain general formulas for all Wigner-
Dyson classes in Chapter 4. The case of identical channels in the zero-dimensional limit is
also considered there for all three classes. Main results and the limits of applicability are
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discussed in Chapter 5. Technical details of the Fourier analysis on the sigma model manifold
are described in Appendix A.
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2 Statement of the problem

We consider a dirty metallic grain and an M-channel ballistic wire connected to it.

Figure 1: A sketch of the system under study. The right part is the wire, the left is the
grain.

The wire is semi-infinite and one-dimentional. We will characterize the state of electrons
in the basis of conducting channels using a 2M-component wave function. The first and
last M components refer to left- and right-propagating modes, respectively. Each channel is
characterized by its own Fermi momentum p; and Fermi velocity v;. One can linearize the
spectrum near points p = £p; for left- and right-propagating modes. We include oscillations
with Fermi momentum into the definition of the channels’ wave functions. The linearized
Hamiltonian acts only on slow envelope amplitudes in these channels and has the form

~

Hwire = Uﬁxa (1)

v =diag(vy, ..., vn, —V1, ... — Upp), (2)

where v is the matrix of Fermi velocities for different channels for the waves that propagate
both left and right.
The grain can be of any dimension, the Hamiltonian describing it contains the impurity

potential
2

p
ngain = % — e+ U<T) (3)

We assume that this potential is random and satisfies the standard Gaussian white-noise

statistics ]

(u(r)) =0, (u(r)u(ra) = 5——0(r — ), (1
where v is the density of states at the Fermi level and 7 is the mean free time for electrons.
One can find the spectrum {E,} of the Hamiltonian (3). Each real energy level E, is
converted to a complex resonance pole E, — i[',, after connecting the wire.

The most natural way to describe electron scattering is in terms of the S matrix defined
as follows. Let the incident and reflected waves be characterized by a set of amplitudes
a = (ay,...,ay)" and b = (by,...,by)T. They are linearly related as b = Sa. It is
important that the S matrix describes the reflection from the whole grain. It should not be
confused with the scattering on the boundary between the wire and the disordered medium.

The latter is described by its own matrix, which has the form

r ot
Sboundary = <t T‘,) .

Here r, 7', t,t" are M X M matrices corresponding to reflection and transmission at the inter-
face between the ballistic wire and the disordered grain. We will only need T; — eigenvalues
of the matrix ¢¢', which we call transmission coefficients. These coefficients do not depend
on the choice of the wave function basis inside the grain.
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The S matrix has poles as a function of energy at £ = E,, —I',,. One can define the
disorder-averaged density of resonance widths I',, as

(URESY (o8- B5 (4= 252, 5)

where A is the mean level spacing of F,, and y has the meaning of a dimensionless resonance
width. In the following we also use the notation n = %y.

From causality and unitarity of the S matrix it follows that its determinant is analytic
in the upper complex half-plane of E with the absolute value equal to one. So, the general
form of the S matrix determinant is

E—-FE,—il,

det S(E) = E_FE il (6)

Using this formula, one can express the resonance density in terms of a generating function

F(y)

) = 553 Fl0) 7
F(y) &y (InS™ (E—in)S(E+1n)). (8)

It is true under the assumption that the dependence of F'(y) on the real part of the energy
is slow near the Fermi surface. It will be seen later that this assumption is correct hence
the energy is not included as an argument of the generating function. By definition of the
matrix logarithm

o0

F(y):—Z%tr«l—S_l (E—in)S(E+in)"). (9)

n=1

The S matrix is subunitary for y > 0, so the series converges. The terms of the series can be
expressed via retarded and advanced Green’s functions of the whole system in the wire [22]

o0

F() = =3 1 (G 0,00 Gy (2, 00)0)"), (10)

n=1

where 1 and x5 are arbitrary coordinates along the wire.

To calculate such expressions, it is convenient to use the framework of the supersym-
metric nonlinear sigma model [!, 14]. The difference between our approach and the one
outlined in these works is that we will use the sigma model to describe the whole system,
not just the disordered medium.
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3 General formalism

3.1 Expression of resonance density via the partition function of the sigma
model

In this section we carry out some general calculations for the generating function F(y).
To facilitate this analysis, we will assume that the system belongs to the unitary symmetry
class (i.e., class A). The final results can be easily generalized to other classes as will be
shown later.

Disorder-averaged products of Green’s functions as in the formula (10) for the generating
function can be expressed through the supersymmetric nonlinear sigma model partition
function with sources. The partition function is defined as

7 = </D<1>TD<I>eXp(—3)>, (11)

S——i / dr &' (r) NID(r), (12)
where

®(r) = (Sr(r), Sa(r), xr(r), xa(r)", (13)

(GE..)Y bud(z — x2) 0 0

~ | bvd(z — ) —(G’é_m)_l 0 0
=1 0" G iy | Y

0 0 foé(x —xy) —(Gg_y) !

Gy, = (B~ H +in)™", (15)

Here Sg/a(r) and xg/a(r) are conventional and Grassmanian fields. In the wire they depend
only on the x coordinate. We will describe both the grain and the wire in terms of the sigma
model, so integration in the definition of the action (12) is carried out over the whole system.
M is a 4 x 4 block matrix, the size of each block is 2M X 2M.

Let’s show that

i

0z
Fly)= [ db — . (16)
b |y
J -
The functional integral is Gaussian, one can calculate it explicitly

Z = <exp<— StrlnM>>. (17)

Here Str is both the supertrace of the supermatrix as well as the trace in real space. Let’s

consider
> | (18)
f=b

When f = b, the boson-boson and fermion-fermion blocks of M are the same. It is also true
for the logarithm of this matrix, so its supertrace is equal to zero. Therefore, the expression
under study simplifies

] () ) (et )

o)

=9 Z(_l)nb%—l <Tr (égﬂ.nfué(w — xg)ég_mvﬂx — x1)>n> :

n=1

7 - - OM
B - = — <exp<— StrlnM) Str M b

(19)
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Here Tr is both the conventional trace of the 2M X 2M matrix and the trace in real space. It
is also important to note that delta functions must be understood as operators here. Directly
d(z — x12) is the coordinate representation of the corresponding operator |z1 2)(x; 2|. Indeed

[T120T12| ) = (2 — 212) [T12) = (2 — 212) |7) - (20)

Integrating the equation (19) over b from 0 to 7 and taking the trace in real space, one can
get the formula (16)

' 07 <1 N X )
/db 8() Z n Tr<(G§+m |22) v (23] G’g_m |z1) v <x1]) > =
i i (21)
(o) 1 §
=2 — GEyin(w1, 22)0G i (22, 21)0)") = F(y)
n=1

3.2 Calculation of the partition function

In order to express the partition function in terms of the sigma model, it is convenient
to transform the fields over which the integral is taken so as to eliminate the sources

@(r):(Ulé”) U;zm) B(r), Bt () = B () (UZé’") Ujr)). (22)

Here ®(r) is the same vector of two conventional and two Grassmannian fields. Without
loss of generality we set 0 < x5 < 1. Since the sources are located in the two isolated points
x12 only, they can be eliminated by choosing
( (\/ 1+0? 0)

Y

r<<x
1 2

Vitw
U(r) = (1+b Zb), Ty <X < T (23)
V1+06? ib -
—ibyIT0e 14p2) YT
VIt
VIt
Us(r) = ( 1+f ), T < T < Ty (24)
—\/1+b2 ib -
—ifVIFR 14 p2) YT

_ 1 0
vaatr) = Uit (5 ). (2)
Further it will be seen that it is convenient to parametrize sources as follows
b = sinh(0p/2), f=isin(0p/2). (26)

It is convenient for further calculations to reorder components of the vector field

d(r) =

o O O =
O~ O O
O O = O
_ o O O

KA

—~

3

Il

n

=

3

>

=

3

n

b

3

>

b

3

s

—

[\

-
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In the limit x; 5 — 0 the partition function takes the form

7 = < / D& D exp ( / dr (i (r)(E — H)D(r) — nqﬁ*(r)/&(r)qs(m)) > , (28)

where
A = diag(1,1,—1,-1), in the grain,
~ cosh 0p 0 1sinh g 0
A(r) = 0 cos O 0 sin O } . (29)
1sinh 0p 0 —cosh fp 0 , in the wire.
0 sin 0 0 —cosfr

Next, we perform standard transformations for the derivation of the nonlinear supersym-
metric sigma model. Averaging the partition function over the disorder leads to a fourth-order
term in the action. To get rid of it, we perform the Hubbard-Stratonovich transformation in-
troducing the functional integral over the supermatrix field ). The integral over the original
fields @ becomes Gaussian and can be calculated. The remaining integral over the superma-
trix () is mainly accumulated near the saddle manifold. One can restrict () to this manifold
and expand the action in gradients

2= [ DQexp(-5(Q] - SrlQ(0)), (30)
siQ)=" [ r su(D(VQ)P - tnA(r)Q) (1)
SilQ(0)] = 3 Ystrtn(5:+ 1Q(-0.Q(0)} ), 3

where D is the diffusion coefficent. Here Sp[@Q(20)] is the part of the sigma-model action
describing the boundary between the disordered medium and the wire. It is written in
terms of Q(£0) at two sides of the interface and contains the parameters g; related to the
transmission coefficients as

(33)

For example, the case g; = 1 corresponds to a perfectly open channel.

In the formula (31), S[Q] is the standard expression for the action of nonlinear super-
symmetric sigma model. The wire is clean, so the diffusion coefficient in it is formally infinite.
This implies that the supermatrix () is constant in the wire. Moreover, it is equal to A(’r)
Indeed, in this case the action associated with the wire is zero, otherwise it is infinitely large
since it is proportional to the length of the wire. Inside the grain, the supermatrix ) can
take any values from the sigma-model manifold. This manifold is obtained from the saddle
point A by the rotation

Q=T 'AT. (34)

Supermatrices T are elements of the group G, which is different for different symmetry
classes.
Let’s denote

¥(Q) = / DQ exp(~S[Q). (35)
Q'(-0)=Q

F(Q7 Qwire) = exp(—Sp[Q, Qwire])a (36)

Z = / 1QU(Q)T(Q, Quie). (37)

10



Distribution of electron scattering resonances in a disordered metallic grain

Here (@) is the so-called order parameter function [23]. It is the partition function of the
grain with a fixed value of the supermatrix Q(—0) at the interface. The integral in (37) is
no longer functional, it is carried out over the supermatrix Q(—0). Although the derivation
of the formulas (35) — (37) was conducted for the unitary symmetry class, they are valid for
all Wigner-Dyson classes.
In order to take the integral (37) it is convenient to use the parametrization of the
supermatrix by Efetov [19, 2]
Q =U"'AL, (38)

This means that the supermatrix can be reduced to the form Ae?. There # is from the
abelian (Cartan) subalgebra of G, and the rotation U is from the subgroup K C G whose
elements commute with A:

[U,A] =0, Ae? = e A, (39)

Since the order parameter function is invariant under such rotations Q — U~tQU, it follows
that it is a function of # only

(@) = ¥(0). (40)
The exponent of the boundary action is invariant under the simultaneous rotation of both
of its arguments by any element of the group G. This means that

F(Q7 Qwire) - F<é)7 (41)
where # parameterizes the supermatrix
Q = /2 e Owire/2 \ eOwire /217 —1=0/2 (42)

This supermatrix is obtained from Q.. by the rotation that takes @) to A.

In simple words it can be explained as follows. The function ¥(@) depends only on the
«distance» between @ and A and I'(Q), Qwire) depends only on the «distance» between Qyire
and @. It is clear that after integration over ) in (37) the result must depend only on the
«distance» between Qe and A, i.e., on ;.. Hence the convolution integral (37) will be
much easier to take after the Fourier transform.

11
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4 The resonance density in different Wigner-Dyson classes

In this chapter, we apply the general formula (37) to find the distributions of scattering
resonances in each Wigner-Dyson symmetry class.

4.1 Unitary class

In the unitary class one can take the integral in formula (37) directly. Matrices U and
6 in the parametrization (38) have the form

0 0 it O
I R
=16, 0 o o] (43)
0 -6, 0 0
e 00 0 l1-ia’a o 0 0
o 10 o0 —a 1430 0 0
0 0 0 e 0 0 —if 1-38*8

where 6 € (0,00), 65 € (0,7), ¢12 € (0,27), @ and [ are Grassmannian numbers. It is
convenient to introduce “eigenvalues”

A1 = cosh 6, Ay = cos 0. (45)

These are eigenvalues of the retarded-retarded block of the supermatrix ). In particular,
for the supermatrix in the wire

def

A = cosh0p dof AB, Ay = cosblr = A, U=1. (46)

In terms of eigenvalues, the formula (16) for the generating function F'(y) takes the form

1

0z

Fy) = [ a5 (a7)
" oAp Ap— )\F
The measure is given by

dQ = —dA\1dXaJ (A1, Xo)dprdpeda™dadS*df, (48)

1

A, A) = ————. 4

‘]( 1 2) ()\1 _)\2)2 ( 9)

As noted at the end of the last section, the function W(()) depends only on the eigenvalues
of the supermatrix ). Exponent of the boundary action (36) takes the form

gz+5\2
1= ng+)\2,

F(Q7 Qwire) = )\17 )\2 (50)

where \;, are eigenvalues of the supermatrix Q, see (42). Hence the integrand of (37)
contains Grassmannians only through A\; 5. After integration over Grassmannians one can

obtain

1
Ap — A T(Ay, o)
g = / i, / 1, P02 / déy / S s WPV NG}
s

1 -1

12
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Here A is the Laplace operator for variables A and \g, see (131). The notation 5\172 now
means only the parts of these eigenvalues that are free of Grassmannian variables

A= Mds — /(A = (A} — 1) cos . (52)

So = Aodr 41/ (L= B)(1 — M\2) cos . (53)

Due to appearance of the Laplace operator in the remaining integral over \; o it turns
out to be very convenient to use the basis of its eigenfunctions L; (A, A2). We expand
both functions W(\;, \y) and T'(A;, Ay) in this basis. Structure of this basis, explicit form of
the eigenfunctions, and the integration measure 4, can be found in Appendix A. Fourier
expansion of the functions in the integrand of (51) takes the form

WA, X)) = U + dq pugViqLig( A, A2), (54)

I
o

NE
0\8

l

F(S\l, 5\2) = 1 +

NE

l

I
=)

/dq Nl,qu,qu,q(S\ly 5\2) (55)
0

Here U, is the partition function of the grain with the boundary condition Q(0) = A. It
corresponds to the absence of sources, so ¥y is equal to one. Substituting (54) and (55) into
(51), and using the properties of Legendre functions, we get a surprisingly simple result

Z =1 + /dq ,ul,qu,q\pl,qu,q()\Bv )\F) (56)
00

=

This remarkable formula could have actually been expected, since the Fourier component of
the convolution of two functions is the product of their Fourier components. This will allow
us to generalize the formula to other classes in the next section.

Let us now use the result (56) to compute the distribution of scattering resonances. We
substitute (56) into (47) and then into (7) to obtain

0o 1
1 0? OL; (A, A
pY) = 555 dq pu,ql'iqVig / dAp OLig( A5 Ar) : (57)
2 0y? & O\B Ap=Ap
=00 “1
Using the explicit eigenfunction L; ,(A1, A2) from Appendix A, we also find
1
Li,( A, A —1)"! cosh
[y Qsllnde)) (W eobirg) 59
8)\3 AB=Ap m

-1

Formulas (57) and (58) allow one to calculate the resonance density. But it requires the
knowledge of the Fourier components ¥; , and I'; , and involves a summation over [ and an
integral over ¢. It turns out there is a way to further simplify this calculation using certain
properties of the eigenfunctions.

4.1.1 Analytic continuation

The eigenfunctions L; ;,(A1, A\2) have a branch cut along the ray (—oo, —1] in the complex
plane of the bosonic eigenvalue A;. The difference between eigenfunction’s values above and

13
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below the cut is connected with the value of the same function with opposite arguments.
From the explicit form of the eigenfunctions and properties of hypergeometric functions it
follows that

(—1)it cosh(ﬂq).

Ll,q(_)\l + ZO, —>\2) — Ll,q(_)\l — 20, —)\2) = —27T2'L17q()\1, )\2)

(59)

Remarkably, the coefficient in this identity is equal to the integral (58) up to multiplication
by a constant!

Using this identity one can return to the integral over the eigenvalues. For this we
use the inverse Fourier transform (141) to express the Fourier component ¥, , through the
function itself and substitute it into (57). Summation over [ and integral over ¢ are now
straightforward and yield the result

00 1 00
102 - —1)"*1 cosh(rm
~ 57 [ 0 [ @00 2000 ) 3 [ Py 2 S
1 —1

™
1=0 {)

1

= ———/d)\l/d)\z (AL, M)W (A1, M) (D(=Ag 440, —As) — D(=A; — i0, —As)).

(60)

This expression for the distribution function is much easier to work with since it does not
involve any Fourier transforms and does not require the knowledge of the Laplace operator
eigenfunctions.

A similar trick can be also applied in other classes, as will be shown in the next sections.
It will allow us to generalize the result for the distribution function of scattering poles.

In the special case of when all M transmission coefficients of the interface are equal,
one can use (60) to reproduce the result originally obtained in the article [1]

_ (=¥ 3_2/ o 9T T )
-1

(61)

A1=g

4.1.2 0D limit

Now let us calculate the resonance density in the case of equal transmission coefficients
for a zero-dimensional grain. In this limit the supermatrix is constant in the grain, so order
parameter function is

T(Ag, Ag) = e vNi—22), (62)

It can be seen that after taking the second derivative with respect to y, the Jacobian J(Aq, A2)
in (60) will vanish. That will greatly simplify the remaining integration over A ».

In order to consider all possible values of M, we introduce the generating function (it
should not be confused with the function F(y))

- +)\2 (g+/\2)a
T\, Ao, 1)t = — . 63
b2 ;)\14‘9 )Oé >\1+g+(g+)\2)a ( )

The analytical continuation of this function is

F(-)q + ZO, —/\2, O[) - F(—)\l - ZO, _A27 OZ) = (g - /\2)0[(5(/\1 — g — (g - /\Q)Oé). (64)

14
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Figure 2: p(y) in the unitary class for a 0D system with M perfectly open channels.

35F T T T T T T T T T T T T T T T T T T L
3.0k
2.5}

2.0f

Mp(y)

1.5k
1.0f

0.5}

Figure 3: p(y) in the unitary class for a 0D system with M identical channels with g = 3.

It allows us to get rid of the integral over A\,

o) = 5 i [ @B+ (5= )Xo Mo (63

1
The integral over Ay can be easily taken

O (=DM oM e+ sinh(y(1 + a))

) = 2 (= D)MyM-t M em9vsinhy
P = dy M! daM y(1+ «)?

(M =1 oy gy

(66)

a=0

This formula was first obtained within RMT framework [11] and then later confirmed
numerically in [17] and experimentally in microwave graphs [7]. The first ten functions are

shown in Fig. 2 for ideal interface ¢ = 1 and in Fig. 3 for the case ¢ = 3 (transmission
coefficient T' = 0.5).

15
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From the explicit formula (66) one can find asymptotics

M((g+ DM+ (g=DY) 4y

ply — 0) = 2001 1) y (67)
(9 — 1)M M—-2_—(g—1)
2(M _ 1)'y € g y? g > 17
ply—o0) =47 (68)
2 o=t

Let us note, that the power law decrease 1/y? is typical for disordered systems strongly
coupled to continua. There are semiclassical arguments that faithfully reproduce the same
power law tail of the resonance density [14].

In the limit of small transmission coefficients (i.e., g > 1) the resonance density p(y)
takes the form of the y?-distribution with 2M degrees of freedom

p(y) = mgM yM ey, (69)

It is also known as the Porter-Thomas distribution [25]. This result can also be obtained
pertubatively [14].

Also there is an interesting limit of large number of channels M > 1. It is convenient
to write the formula (66) in the form

(_1)MyM—1 aM gtl : yM—l g+l o M log £

— -y _ —ly— og

Ply) = 2(M —1)! ayM/dte y_2(M—1)!/dte ’ ' (70)
g—1 g—1

Let’s make a change of variable s = ty/M and expand the exponent near the saddle point
s = 1. We also use the Stirling formula to estimate the factorial and obtain

(g+1)y/M

o(0) = o5\ / dse e = M (erf (w> e <w))
2y2 V 2w 4y? NG NG .
(9—L)y/M
(71)
The resonance density behaves as p(y) ~ M/ 2¢? in the interval (g%, %) and exponentially

decays otherwise.

4.2 Orthogonal class
4.2.1 Generalization of the approach

It was noted that formulas (35) — (42) are also applicable in other classes. In the
orthogonal class (i.e., class Al) @ is an 8 X 8 supermatrix. It is also convenient to introduce
eigenvalues

A =cosf € [—1,1], A2 = cosh 5 € [1,00). (72)
The supermatrix Qi contains the following source parameters
A= Ap, A = Ag, Ao =1, U=1. (73)

As before, the function ¥(Q)) depends only on the eigenvalues of the supermatrix Q). Expo-
nent of the boundary action (36) takes the form

- gz‘+5\

F(Qv@wire)zr 5\75‘ 75‘ = = = =
(%) i1 (97 + AT+ A3+ 2000 — 1)

(74)

/2"
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In the orthogonal class it is difficult to take the integral (37) directly. However, it is
clear that it has the meaning of convolution and in terms of the Fourier components should
have the form similar to (56). Indeed, at the end of the first section it is noted that the
partition function must depend only on the «distances between Qe and A, i.e., on 0.
So we can expand it into eigenfunctions of the Laplace operator

Z =1+ /dql /dQQ Ml,tZl,quLtthle,qmz ()‘F7 AB, 1)‘ (75)
=075 0

The Fourier components Z; 4, 4, depend linearly on the Fourier components of the functions
W(A A1, A2) and I'(A\, A1, A2). Due to the fact that indices [, ¢; and go enumerate irreducible
representations of the group G, the Fourier component Z; 4, ,, can only depend on Fourier
components with the same indices

Zl#h#lz = #lvq17¢Z2F17q17q2 \Ijlm,qr (76)

The coefficient between them can be found from the special case ¥(Q) = 6(Q — A). In this
case Z = I'(Ag, Ar,1). We choose the normalization of eigenfunctions so that the Fourier
components of the delta function are equal to one, i.e., ¥; ., ., = 1. So the coefficient #; 4, 4,
is simply equal to one. Properly normalized eigenfunctions for the orthogonal class are given
explicitly in Appendix A. As a result, the previously obtained formula (56) can be generalized
to the orthogonal class

Z =1+ Z/d(h / dqz pug a2 t.ar a0 Viarge Ligrao (Ars Ay 1) (77)

The formula (47) is also applicable in other classes. Substituting (77) into it, one can get

ALy g1 0y (Ap, B, 1
Z/d(h/d(h f1,1,0:T101,0: Y1, quqz/d/\B 4 ’qa()\g 5:1) . (78)

A=A
lO0 B=AF

As in the unitary class, there is a linear relation between the value of the eigenfunction
and its jump across the branch cut at the opposite arguments. The coefficient in this relation
coincides with the integral of the eigenfunction from equation (78)

= 2(_—1)l+1 cosh(mq), (79)

7

1
/d)\B 3Lz,q1,q28(/)\\F,)\B, 1)
B

AB=A
el B=AF

L17Q17q2(_)‘7 _)‘1 + iO, )‘2> - Ll,fhﬂlz(_)‘a _)\1 - ioa )\2) =
_1)i+1
= —7iLy g 4 (A, A1, Ag) ———— cosh(mqy). (80)
T

Using these identities and performing analytic continuation, we obtain the final formula for
the density of resonances in the orthogonal class

1 0?
P(y) :_%@/d/\/dAl/d/\2 J(A AL A2) WA, Mg, Ag) X

X (D(=X, =X +140, Ao) — D(=\, —Ay — i0, \2)).  (81)

17



Distribution of electron scattering resonances in a disordered metallic grain

This is a very general integral representation of the distribution function that equally well
applies for any orthogonal class system and any type of the interface.
In case of identical transmission coefficents at the interface, the distribution function
takes the form
1

ﬁwpz;y/w/wd%ﬁﬂxhxmmMAwm_f&?MWM’ (82)
-1 1 C

where

a=ghe— (@ - DN -1, b=ghat/(¢>~ DN - 1), (83)
and C is a contour that goes around the interval (a,b) counterclockwise. If M is even the
integral over \; reduces to the sum of residues at a and b while for odd M there is also a
contribution of the branch cut along (a, b).

A formula equivalent to (82) was obtained earlier in the paper [15] for the 0D case in a
slightly different integral form.

4.2.2 0D limit

Let us calculate the resonance density in the case g = 1 for a zero-dimensional grain.
In this case the interval (a,b) collapses into a point, and the order parameter function is

TN, A, Ag) = e vRare=d), (84)
As it was done earlier for the unitary class, we introduce the generating function
(T (1+Na
LA A1, Aoy ) = ——(—1)"a" = — . 85
(A 41,29, 0) g;LM+AwA )le A+ X+ (1+Na (85)

The analytical continuation of this function is
F(—/\, —/\1 + ZO, )\2) - F(—)\, —)\1 - ZO, )\2) = (1 - )\)015()\1 - )\2 - (]_ - /\)O{) (86)
It allow us to take the integral over A; in (81). It is convenient to introduce the following

notation

1 o)

oy, a) = —aa—; /d)\/dAz TOu s + (1= N, 2) (A, Ao + (1= N, Ao)(1— Ma,  (87)

ply) = (_]\2 ;;—Mp(y, a)

(83)

a=0

The remaining integral over A and Ay in (87) is somewhat similar to the expression for the
correlation of energy levels in RMT. We will apply the method described in [19] to compute
this integral. First, we perform the inverse Laplace transform from y to ¢

U+lOO
oty 89
/ 2me p(y, ). (89)

This converts the exponential factor in the integrand into a delta function that resolves the
integration over A\y. The remaining integral over A is elementary and yields

at(\/ﬁ - \/1+t>

t>9242
ptay={ AA+Ha?—1) - T (90)
’ t(VIFt—2—

ot(V1+ Y gct<a4a.

21+ a)2(1+av1+t)
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y/M

Figure 4: p(y) in the orthogonal class for a 0D system with M perfectly open channels.

The direct Laplace transform to the variable y seems implausible. However, we can extract
the resonance density for certain number of channels M directly from p(t,«)

o) = S [are vt o1)

0

a=0

Here the integral over ¢ is tractable for any chosen value of M. The result for first few values
of M is

o (1 e U
- NVT oy -y
i) = 5 (5= G~ 1@~ L+ ) e 7). (92)
o (1 1 e~
= =5\ 75327 53 93
0 (3 3 1 3 Loy VT 3 9 —y
pr=3(y) = oy (@ T (5 - @) e — 8y5/2(36 — (4y° + 6y~ + 6y + 3)e ¥)erfe\/y | ,
(94)
o (2 1 1 1 2 3 1 oy
- =——|-—=-—= -+ -4+ =+ . 95
pu=s(y) Oy (y y? y3+<3+y+y2+y3)e ) (%)
The resonance density for the cases M =1 and M = 2 up to a change of variable coincides
with the result of the paper [15]. The first ten functions are shown in the Fig. 4. From
formula (91) it is easy to obtain the asymptotics for large y
M M
— =———+4... 96

As noted above, the power law decrease 1/y* is semiclassical, so the next term can be
understood as a quantum correction.
The asymptotics for small y has the form

ply —0)= AI\(/ME—]K;) (" =y ) (97)

We are not aware of any rigorous derivation of this result. It was guessed from the expansion
at first few M’s and then its validity was checked for M up to 100.

19



Distribution of electron scattering resonances in a disordered metallic grain

4.3 Symplectic class

Important feature of the symplectic class (i.e., class AIl) is the Kramers degeneracy. It
implies that the number of channels M is necessarily even and each transmission coefficient
is doubly degenerate.

4.3.1 Generalization of the approach

In the symplectic class @) is also an 8 X 8 supermatrix and it has 3 eigenvalues
A =coshf € [1,00), A = cosby € [—1,1], Ay = cosby € [0, 1]. (98)
The supermatrix (Qyie contains the source parameters
A= A, A = Ap, Ay =1, U=1. (99)

Exponent of the boundary action (36) takes the form

- . M 5\2_'_5\2_|_ '2‘*'215\5\—11/2
F(Q,Qwim):r(A,Al,AQ)ZH(1 ; glg‘j o —1)"”
i=1 7

(100)

The generalization of the formula (56) is completely analogous to the orthogonal class.
The eigenfunctions of the Laplace operator are indexed by two integer numbers ;o > 0
with an additional requirement that [; + [ is even and by a single continuous variable q.
Explicit expressions for the eigenfunctions and the integration measure f,,, ;, can be found
in Appendix A

Z =1+ Z /dq Haq,l1,l2 \Il%ll,ZQPq,l1,l2Lll7l2,lI()‘B7 AF, 1)‘ (101)
0

l1,l2>0
l1+1s - even

The formula (47) is also applicable to the symplectic class

00 1
1 o2 DLy 0 (A A, 1)
pY) =555 Z /dq Hairto Y.t do Sa o /d)\B A (102)
20y° I1,2>0 i OAp AB=Arp

l1+1s - even

However, unlike the unitary and orthogonal classes, the trick with analytical continua-
tion is a little more complicated. One can show that

1
/d/\F 8LZ»Q17Q2(>‘F7 AB, 1)

_(=1)htt lo(lo +1) — I1 (L + 1)
Orn = 1+

cosh(mg). (103
) L comh(e). (109

AB=AF

Substituting (103) into the formula (102) above, we get

o0

10 —1)ht!
ply) = 20,7 > g pgin iz Yan . Vante———— cosh(mg)+
ll—ll-ll’zl%zeglen
1 2 i (1) byl + 1) — 1y (1 + 1)
+ 2047 Z /dq Haydo Va2l i - T cosh(mg). (104)

l1,l2>0
1415 - even
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Let us note that the second term here vanishes. This follows from the symmetry of the
Fourier components in the indices [; and ly. Indeed, since both J(A, A1, A2) and T'(A; A1, A2)
are symmetric functions with respect to A\; <> g, and the eigenfunction L, 4, (A, A1, A2) is
invariant under the same transformation together with [y <+ Ay it follows that the Fourier
component I'y; ;, is also symmetric. The same is equally true for the Fourier component
\Ij%ll,lz'

The jump of an eigenfunction across the branch cut of X is

Loty 1o (=A+130, =X, Xa) — Loy 1o (A — 10, =A1, Ao) =

()
= —QWiLq,ll,ZQ()\, )\1, )\2)— COSh(’/Tq). (105)
™

This coincides with the factor in the first (and only relevant) term of (104) which allows us

to apply the analytic continuation trick

1
1 0?

o) = 15 / A / D [ a0 A PO ) X
0

X (D(=A 4140, =1, A2) = (=X — 10, =X\, A2)).  (106)

This is the most general result for the distribution function that equally well applies for any
symplectic class system and any type of the interface.

In case of identical transmission coefficients at the interface the analytical coninutation
of the exponent of the boundary action turns into

T(=X+ 0, = A1, Ao) — T(=A — 40, = \p, Ag) =

)
—(2 A2+ P — 200 — 1)M/2(M+1)5 M=1)(\ —g). (107)

It allow us to take the integral over the bosonic eigenvalue A

1

1
ply) = EE T /d)\l/d/\g (A2 4+ A2+ g2 — 2900 — 1)M/2x
0
aM 1
X o (PO AT AL )| (108)

This is an analogue of the formula (61) from the unitary class.

4.3.2 0D limit

Let us calculate the resonance density in the case g = 1 for a zero-dimensional grain.
In the symplectic class for a zero-dimensional system

TN, A, Ag) = e VA MA2), (109)
It is convenient to introduce the generating function

(/\2 + )\1)0&
A4 1+ A+ M)

F()\ )\1,)\2, —1)"04” = — (110)
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The analytical continuation of this function is
F(-)\, —)\1 + ZO, )\2) - F(—A, —)\1 - ZO, )\2) = ()\2 — )\1)045()\ —1- ()\2 — )\1)04). (111)

It allow us to take the integral over A in (106). It is also convenient to introduce the notation
as in the orthogonal class

1 1

1 9?

p(y,oz) = _5(9_3/2 /d)\l /d)\z J(l -+ ()\2 — )\1)0&, )\1, )\2)\11(1 -+ ()\2 — )\1)0&, )\17 )\2), (112)
-1 A1

1 oM

ply) = Maa—Mp(y’ @) (113)

a=0
Let’s perform the inverse Laplace transform for p(y,«). As before, it will convert the

exponential factor to a delta function which allows to integrate over A\y. The remaining
integral over \; is straightforward and yields

(t (1 —t—ay1—t 142
= a _ Tt , 0<t<l,
2 1—t—a? (1+ )2
p(t, ) = (24 2a — 1) (114)
) 1<t <2+ 2a,
21+ a)2(l—t—a?) e
0, t>2+2a.

\

As it was in the case of orthogonal class, direct Laplace transform to the original variable
y is implausible. Instead we would like expand the function p(t, ) in powers of « first and
then perform the Laplace transform. However, it turns out that the Laplace integral can
not be expanded in powers of a since the singular point ¢ = 1 — o of the integrand in the
interval (1,2 4 2«) approaches the edge of this interval at small a.

This problem can be solved by deforming the contour. Let us analytically continue
p(t, ) from the interval 0 < ¢t < 1 to larger values of ¢. This function has a branch cut
along the ray [1,00). Note that the value of p(t, @) in the interval (1,2 + 2«) is the half-sum
of analytical continuations from the two sides of the cut. This means that that the whole
integral can be represented as the half-sum of integrals along the contours [4-:0, 2 + 2 % i0].
Since both upper and lower contour can be further deformed to go far from the singular
point t = 1 — a2, it is now safe to expand in powers of o under the integral.

The number of channels is even, so in p(¢,y) we can keep only the terms of even power
in a. As a result, we get the formula

2 242«
o ][ dte*tyt(? +2a —t) _
2(1+ )2/ (1—t—a?)

10 [1— e 20+a)? 2 : :

ply, o) =
(115)

Remarkably, unlike in the orthogonal class, we have found an explicit expression for the
generating function p(y, «).
The result for first few values of M is

0 1 e~ Qs
pr=2(y) = o \a T +e ¥ Shiy |, (116)
d (3 303\ o e
(3 (3.3 h 11
pri=4(y) dy (Qy (2y + 2) e Y +ye ¥ Shiy |, (117)
o (5 vy 5 015 9% P\ oy VP Ly
(2 Y (2 Y Y e~ Shiy ) . 118
prr=6() y(2y i (2y+4+4+3 e + SV Shiy (118)
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Figure 5: p(y) in the symplectic class for a 0D system with M perfectly open channels.

The first ten functions are shown in Fig. 5. From formula (113) and (115) one can obtain
the asymptotics for large y

M

EREt (119)

M
ply = o0) = 57
The first term is semiclassical, the next one is a quantum correction. Let’s note that this
correction has a different sign compared to the orthogonal class.
As in the orthogonal class, the asymptotics for small y was found from the explicit form
of the distribution functions, for M < 100

OMHNL L 2M+2
- - -1 _ ). 12
p(y — 0) (M+2)!(y A ) (120)

4.3.3 0D limit with two identical channels with arbitrary transmission coeffi-
cients

We can also calculate the resonance density for a zero-dimensional system attached
to only two identical channels with arbitrary transmission coefficients. Let’s introduce the
generating function a little differently

N+ NP 42000 — 1
AESWSRID g s L T
— (A+9)

_ oM+ N4+ 200N — 1)‘ (121)
A g+a

Performing analytical continuation, we obtain

It allow us to take the integral over the bosonic eigenvalue

1

1 0% 02 1
p(y) = —gwa—w/d)\l/d)\g J(g—l-Oé, )\1,)\2)‘If<g+a, )\1,)\2). (123)
-1 -1
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10F M =2 ]
[ g=1,15,2,253 ]

Figure 6: p(y) in the symplectic class for a 0D system with two channels for different
values of g.

Let’s perform the inverse Laplace transform for p(y). The exponential factor converts to a
delta function which allows us to integrate over \,. After calculating the integral over A;
and taking the second derivative with respect to «, we obtain

t(2g —t)
—_— g—1l<t<g+1,

plt) = { 20— 1) (124)
0, otherwise.

The singularity at the point ¢ = ¢ has the same nature as before. Applying the same
argument we conclude that the distribution function is given by the principal value of the
integral for the direct Laplace transform. Performing it, we get

0 _,, (sinhy
- _ 9y
p(y) a5 (

+ g Shi y> . (125)

In the case g = 1, the result coincides with the formula (116).
The resonance density for different values of ¢ is shown in Fig. 6. Asymptotics for small
and large y are

1
(92—5)(y—gy2+---), y — 0,
_ 126
p(y) g2_1+92+1+ L (126)
% 2 cee Y .

In the limit of small transmission coefficients (i.e., g > 1) we get the special case of
x2-distribution with 4 degrees of freedom

ply) = g*ye . (127)
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5 Summary and discussion

To summarize, we have developed a general approach to calculate the average distribu-
tion of scattering resonances. Our method is based on the supersymmetric nonlinear sigma
model that describes both the studied disordered system and the attached ballistic wire. We
derived general formulas (60), (81) and (106) for disordered systems of all three Wigner-
Dyson symmetry classes. These formulas are applicable for an arbitrary set of transmission
coefficients in the interface between the system and the wire.

We have specifically considered the zero-dimensional limit of the problem assuming
identical transmission coefficients in all channels. In the unitary class, our formula (66)
reproduces the result of [1]. In the orthogonal and symplectic classes we obtained formulas
(91) and (115) which allow to easily compute the resonance distribution for any given number
of channels with perfect transmission. Also, in the symplectic class with only one pair of
channels, an exact formula (125) was obtained for any transmission coefficients.

Let us comment on the limits of applicability of our results. First, the nonlinear sigma
model works for relatively low energies nT < 1. In terms of y

1
< 1 (128)

Second, the boundary action of the form (32) implies that the supermatrix () is constant
along the interface. Let us denote the characteristic transverse size of the interface as d. The
characteristic distance at which the supermatrix changes is lg = \/D/n, so

D
< N (129)

The condition for the applicability of the zero-dimensional limit is similar. The length [g
must be greater than the typical grain length L

D Emy

YSTAAT A

(130)

This is a more restrictive condition than (128) and (129).

Our study can be continued in several directions. First, the nonlinear supersymmetric
sigma model formalism allows us to also study one-dimensional systems. We can thus extend
the results of |1]| to orthogonal and symplectic wires. Second, it is interesting to compare our
results with numerical simulations. Third, our general formulas make it possible to compute
the moments of the resonance widths distribution in a system with arbitrary transmission
coefficients. In particular, it is interesting to derive the Moldauer—Simonius relation [26, 27|
for orthogonal and symplectic classes from our results.
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A Fourier analysis on the sigma-model manifold

In this Appendix we give the main properties and explicit forms for the eigenfunctions
of the radial Laplace operators on the sigma-model manifolds.
In the unitary class the Laplace operator on the sigma model is defined as follows

19 9 10 )
A== JXN —1)— + = 11—\ 131
YA R ) W v (131)
1
J=—" 132
TYESWE (132)

In the orthogonal and symplectic classes it has the form

B 19 L0 10 ) g 10 ) 0
Borth = ~Asympl = J@AJ<1 A )8>\ J O\ T 1)8/\1 + J@&JQ? b Oy’ (133)
11—\
J = (134)

A2+ A2+ A2 — 2\ — 1)2

Eigenfunctions of the full Laplace operator transform according to irreducible represen-
tations of the group G under rotations of (). Within each irreducible representation there is
exactly one eigenfunction that depends on the A variables only. Hence these eigenfunctions
are also the eigenfunctions of the radial Laplace operators and form a complete basis for the
functions of A variables.

Expansion in this basis represents the Fourier transform

(A =To+ Y 11g¥qLg(N), (135)

where q is a set of indices (angular momenta) that enumerate irreducible representations of

G

{l.q}, unitary,
q=q1{la, e} orthogonal, (136)
{q,01, 15}, symplectic.

Here ¢, ¢1, and ¢o are continuous positive momenta in the bosonic sector and I, [y, [, are
integer non-negative momenta in the fermionic sector of the model.

Summation over continuous indices ¢ implies the integral over them. In the orthogonal
class, continuous momenta ¢; » must be equal when [ = 0. In the symplectic class discrete
momenta [; o should have the same parity.

There is also a special eigenfunction of the Laplace operator wich is constant on the
whole manifold. This eigenfunction does not correspond to any value of parameters q and
should be added separately. The corresponding Fourier amplitude ¥q of this constant eigen-
function is the first term in (135).

The weight jq in the Fourier transform (135) can be found from the normalization
integrals

[ AT () = - (137)
> ralal VL) = T =) (138)

It is convenient to choose the normalization of the eigenfunctions and hence the weight
ftq such that all Fourier components of the delta function on the sigma-model manifold are
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equal to unity

0(Q—-A)=1+ Z figLq(A). (139)

The eigenfunctions L4(A) vanish at A = 1, so we can find the amplitude of the constant
mode as the value of the function ¥(\) at this point

Uo =T\ =1). (140)

Using relation (137) one can express all other Fourier components as
U, = /d/\ J(AN)(T(A) — Wg)Lg(N). (141)

Eigenfunctions of the Laplace operator on the sigma-model manifold can be explicitly
calculated using Iwasawa decomposition of the group G. These functions are constructed as

plane waves in the corresponding Iwasawa coordinates averaged over rotations by the group
K, see [20] and [21].
In the unitary class the eigenfunctions are expressed through Legendre polynomials

Lig(A1, A2) = —%((1 +1/2)% + ¢*) (M — A2) Py jagig(M) Pi(Xa), (142)
ALg(A, ) = —((1+1/2)* + ¢*) Lig(A1, Aa). (143)

The coefficient 144 is
_ 4(l+1/2)qtanh(rq)
T 27 )
This corresponde to the proper normalization such that (139) holds.
In the orthogonal and symplectic classes the eigenfunctions contain products of three
Legendre functions and do not factorize. We will use the following notation:

y (2% — 1)"?PH(x), x> 1,
R”(x) - _ e2\H/2pp _
(1 —a%)"=Ph(x), 1<z <1,

(144)

(145)

where P!(x) is the standard associated Legendre function, and P/ (z) is the Ferrers function.
In the orthogonal class the eigenfunctions of the Laplace operator are

LZ»Q17Q2()‘a At )‘2) = Rl( )R1—1/2+iq1 (Al)Rl—l/Q—Hqg(}‘?)

1 1
+3 P+l+q 44+ 5) (A = A A) Ri(A) Rt 24ig, (M) B-1/2+ig, (A2)
1 _
+t3 (P +14a —d5) A = MR NRL oy, M) R 1724, (A2)
1 _
+3 (P+1—q + ) (A2 = A1) RN R_1jotiqy (M) R 914, (A2)
1 1\° 1 1
+ (Z l2+l+q%+q§+§) — <qf+1> (q§+1)>
X (A2 AT+ AL = 200 — DR AR 1j24ig, (M) Rt /a1igs (M2),
(146)
1
ALqu,qz ()\, )\1, )\2) = — (l2 + l + qf + qg -+ 5) Ll7q1,q2(>\, )\1, )\2) (147)
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The normalization coefficient ji 4, 4, is

161(1 + 1)(I + 1/2)q1 g2 tanh(mq ) tanh(mwgs)
(% + (@1 + @) (P + (0 — @) ((+1)° + (@ +¢)?) ((+ 1) + (@ — g2)*)
(148)
In the symplectic class the eigenfunctions have the same structure up to interchanging
compact and noncompact moment

Higi,qg2 =

Lainis (A A1, A2) = R_1)o1ig(AN)R] (A1) Ry, (A2)

1/1
— (— + q2 + l% +4+ l% + l2> (A — )\1)\2)R—1/2+iq()\>Rll(/\I)ng(/\Q)

2\ 4
1/1
-5 (Z R A Ay P - 12) (A — AAQ)R:}/Mq(A)R}l(Al)RlQ(AQ)
1/1
_ 5 (Z —+ qQ — l% — l1 -+ l% + ZQ) ()\2 — A)\l)R:i/%ﬂ-q()\)Rll ()\1)Rl12()\2)
1/1 2
+ 1 (Z+q2+l§+ll+l§+lg) — (B +1)(15 +1y)
X (A2 AT+ = 20 — DR} 5 (V) Ry, (M) Ry (V)
(149)
1
AL 0N A1, X)) = — (Z +@E LB+ 12) Ligraa(AN A1, ). (150)

The normalization factor 14, 4, is

32(1y +1/2)(ls + 1/2)(¢* + 1/4)q tanh(rq)

Hable = 0 1y + 322+ @) (b + da + 1/2)2+ ) ((h — o + 1/2)2 + ) ((l — b — 1/2)2 + 2)
(151)
These functions in both classes are properly normalized according to (139), see [21].
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