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Effect of a tunnel barrier on time delay statistics
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We develop a semiclassical approach for the statistics of the time delay in quantum chaotic systems in the
presence of a tunnel barrier, for broken time-reversal symmetry. Results are obtained as asymptotic series in
powers of the reflectivity of the barrier, with coefficients that are rational functions of the channel number. Exact
expressions, valid for arbitrary reflectivity and channel number, are conjectured and numerically verified for

specific families of statistical moments.
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I. INTRODUCTION

We consider the problem of quantum scattering in complex
systems such as a cavity with chaotic dynamics, which is con-
nected to the outside by a finite number of scattering channels,
M. The amplitudes of outgoing waves are given in terms of
the incoming waves by multiplication with the M-dimensional
S matrix, which is unitary when there is no dissipation. We
assume that, at any given energy, the classical dynamics is
characterized by a well defined dwell time 7p, the average
time spent in the scattering region. We also assume broken
time-reversal symmetry.

The energy derivative of the logarithm of the scattering
matrix, S, is known as the Wigner-Smith matrix [1-4],

L dS
Q= —ihS 1B (1)
where 7 is Planck’s constant. This is an operator representing
the quantization of the notion of time delay, i.e., the time spent
by quantum particles inside the scattering region. Its normal-
ized trace ty = A%Tr(Q) is called the Wigner time delay.

For complex systems, the matrix elements of Q are typ-
ically widely fluctuating functions of the energy and it is
advisable to restrict attention to local averages of observables.
The local average of the Wigner time delay at a given energy,
for example, equals precisely the classical dwell time at that
energy, (tw) = tp. More refined statistical information about
the time duration of wave scattering is encoded in other spec-
tral properties of Q.

Central to our approach is the Schur polynomial s;(Q),
a symmetric polynomial of the eigenvalues of Q, which is
defined in terms of an integer partition A = (A1, ..., Ag)),
i.e., a nondecreasing sequence of £(A) positive integers. Of
crucial importance is the fact that every symmetric polynomial
in Q can be written as a linear combination of Schurs. For
example, Ty = 51)(Q) and 1}, = 152)(Q) + 5(1,1)(Q). We
call the local averages (s, (Q)) the Schur moments of Q.

Within a random matrix theory (RMT) approach, detailed
characteristics of the system are left aside and Q is instead
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treated as a random matrix [5-9]. This is a fruitful point
of view that has led to many interesting results [10-22]. In
particular, when time-reversal symmetry is not present, which
is the case we consider here, an explicit expression can be
found for Schur moments [20],

[A] d)\[M]A

(5:(Q)) = M1p) M,

2
in terms of quantities we define later.

We address in this work the effect on the time delay
statistics of introducing an imperfect coupling between the
scattering region and the exterior, such as a tunnel barrier of
reflection probability y. No effect at all exists on the average
time delay, (s(1,(Q))(y) = (s1)(Q))(0), and this can be under-
stood semiclassically as follows: in the presence of the barrier,
an incident particle may be reflected promptly without delay,
with probability y, or enter the cavity with probability 1 — y;
after a time tp, it tries to leave and succeeds with probability
1 — y oris reflected back inside with probability y; and so on.
Summing over all possibilities leads to a total average time
delay, which is

(1 =) +2my +3mpy* +-- )1 —y)=1wm. ()

However, the presence of the barrier influences higher statis-
tics, so that in general (s, (Q))(y) # (5,(Q))(0). For example,
we find that

2
275

2
RTE T

(tw) = 17

“4)

In particular, the variance of Ty becomes infinite when y — 1
at finite M, but may attain any value if M scales as (1 — y )L

Tunnel barriers have been considered before in the context
of time delay [5,7], but always under some approximation.
For instance, the number of channels is either taken to be very
small, such as one [23] or two [18], or instead it is taken to
be very large, M > 1 [7,17]. This is moreover compounded
with the assumption that the reflection probability is either
very small or very close to one [21]. In contrast, our results
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are valid for arbitrary values of both these parameters, as can
be appreciated from Eq. (4).

We rely on the semiclassical approach, which has proven
very successful in quantum chaos [24-30]. Specifically we
develop a combination of the approach introduced by Kuipers,
Savin, and Sieber for the time delay [31] and the formulation
in terms of matrix integrals [32—-34].

The work is organized as follows. In Sec. II we introduce
the semiclassical approach that leads to an infinite series in
powers of y for (s;(Q))(y), the coefficients of which are
rational functions of M. In Sec. III we conjecture closed forms
for some of these functions and present some special cases.
In particular, our results imply that for M(1 — y) > 1 the
distribution of 7y tends to a Gaussian of mean 7, and vari-

2
ance #ﬁy)z In Sec. IV we validate our conjectures against
simulations of a concrete system, a chaotic quantum map. We
conclude in Sec. V. For simplicity in the following we now set

p = 1 and measure all times in units of 7.

II. SEMICLASSICAL APPROACH
A. Diagrammatic rules

The first diagrammatical semiclassical approaches to the
time delay relied on energy correlations of the scattering
matrix to derive their results [35-38]. In Ref. [31], a more
efficient semiclassical approach to time delay was developed
in such a way that the calculation of average traces (Tr(Q"))
requires n trajectories o and n trajectories ¢’ to enter the
chaotic region, with o} going from scattering channel i to a
certain end point r inside the cavity, and o} going from chan-
nel i; to the same end point ;. These two sets of trajectories
must be correlated, in the sense that they have approximately
the same total action and actually differ from each other
only in the vicinity of a structure called “encounters,” which
have been recognized [24,25] to be the mechanism respon-
sible for systematic constructive interference between sets of
trajectories.

A diagrammatic perturbative theory for time delay mo-
ments then follows with diagrams consisting of initial and
final vertices corresponding to channels and endpoints, to-
gether with internal vertices corresponding to encounters.
These vertices are connected by edges, corresponding to long
stretches of chaotic motion. The contribution of a given di-
agram contains several multiplicative factors: M for each
channel, 1/M for each edge and —M for each vertex that
does not contain an end point; vertices that contain one
end point contribute a factor 1 and those with more than
one end point contribute 0.

These diagrammatic rules were used in Ref. [39] to obtain
all Schur moments of the time delay, in complete agreement
with the RMT prediction in Eq. (2). Here we extend this
model to account for the presence of the tunnel barrier. Di-
agrammatic rules that take a tunnel barrier into account have
already been used for transport moments [35,36,44]; so first
we appropriate them for the time delay.

The contribution of a given diagram is still made up of
multiplicative factors but, if the reflection probability is y,
then we have M (1 — y) for each channel since there are M
choices and a transmission probability of (1 — y). Along the

FIG. 1. A diagram that contributes to the semiclassical calcula-
tion of ([Tr(Q)]?). The barrier is represented by the shaded rectangle,
trajectories o by solid lines, and o’ by dashed ones. There is one
encounter inside the cavity, marked C, while encounter marked D
happens at the lead. A and B are endpoints.

trajectories the components should stay inside the cavity, so
that we have a factor of [M(1 — y)]~! for each edge, which
includes the reduced probability of transmission due to the
tunnel barriers. Likewise, we have a factor of —M (1 — y9)
for each vertex of valence 2¢g that does not contain an end
point nor happen at the lead, which accounts for the corre-
lation between encounter stretches that they all must remain
in the cavity. Finally, we have a factor of y for each time
an edge reflects off the barrier. Vertices with one end point
still contribute 1 and those with more than one end point still
contribute 0 as in the case without tunnel barriers.

We show an example in Fig. 1, a diagram that contributes
to the semiclassical calculation of ([Tr(Q)]?). The barrier is
represented by the shaded rectangle, trajectories o by solid
lines, and o’ by dashed ones. The end points are marked A and
B. There is an encounter inside the cavity, grossly magnified
for effect, labeled C. The contribution of C is —M (1 — yz)
if it happens far enough from B, otherwise it is 1. Encounter
D happens at the lead with one reflection, so its contribution
is y. There are five edges, each contributing [M(1 — )]~
Transmission through the barrier gives (1 — y)?, so the total
contribution of this diagram, when C and B are far apart, is

CA=yPyMd -y y(—y?)
M3(1—y)’ M=)

(&)

We implement such rules by means of an appropriately
designed matrix integral, a method that was introduced in
Refs. [32-34] and applied to several different situations. Be-
fore introducing that integral, let us revise some background
concepts.

B. Permutation groups and unitary groups

In this section we collect several basic facts from combi-
natorics and group theory that are needed for our calculations.
The reader who is familiar with these concepts may skip this.
Standard references for this material are Refs. [40,41].

The power sum symmetric polynomials in Q are products
of traces of powers of Q:

£(w)

pu(@) = [ Tr(@"), 6)
i=1
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where = (i1, ..., fe) 1s an integer partition. We write
uhtnor |ul =n to denote the fact that ), u; = n. Like
the Schur polynomials, power sums also provide a basis for
the vector space of symmetric polynomials in the eigenvalues
of Q. The transition between these bases is made by the matrix
of irreducible characters of the permutation group S, namely
for any u - n we have

Pu(@ =Y x:(1)5:(Q), (7)

A-n

where the characters x satisfy the orthogonality relation

xu(ar™)

1
DI ACLIACIIR A

" BES,

S ®)

where o, B, w are permutations and dj = x; (1) is the dimen-
sion of the irreducible representation of S, labeled by A.

Schur polynomials can be used in infinite series as well,
such as

1
=) 5 X)nO), ©)
[T, —xiy)) ; e

where we view xp, x», ... as eigenvalues of X and yy, y,, ...
as eigenvalues of Y. The above relation, a generalization of
the geometric series, is known as the Cauchy identity. There
is also the Littlewood identity, involving likewise an infinite
series,

1
[Tj-i(1 = xix))

The Schur polynomials in N variables have another
important property: they are the characters of irreducible poly-
nomial representations of the unitary group /(N ). This means
that

=det(1-X) ) s.(X). (10)
A

/ s, (U s, (U)AU = 8y, (11)
U(N)

where dU is the normalized Haar measure. These polynomials
have a determinantal formula

det (£V+7)

U) = . , 12
s.(U) AT) (12)
where 71, ..., zy are the eigenvalues of U and
AU) =det (5 7)) =[x —2)) (13)
j<k

is called the Vandermonde of U. Using this formula and the
Andréief integration formula [42]

/dZdet(ﬁ(zj))det(gk(zj)) = N!det (/ dzf,-(z)gk(z)),

the orthogonality (8) can be proved.

The orthogonality of course allows Schur expansions can
be computed, i.e., given some symmetric function f(X), the
coefficients A, in f(X) =) o A,s,(X) are given by

Ap = f fW)s,UNHAU. (14)
U(N)

In particular, the coefficients in
5 X5 X)) = > Cls(X) (15)

=2+l

are called the Littlewood-Richardson coefficients. There are
combinatorial algorithms for computing them, and recurrence
relations [41], but no explicit formula is known.

The last bit of information we need is the Weingarten
functions. The average of a product of matrix elements from
unitary matrices

<]"[ Ui ;j,,,> : (16)
=1 UN)

is given by a sum over all possible permutations that may take
gtoiand pto j,

D 83, D86 (B, HWehi(o '), (17)

o,T€S,

where 8, (i, /) = [Tzt 8ic.jou, and Wgl are called the Wein-
garten functions. They have a simple character expan-
sion [43],

dy x5.()

NT (18)

U
Wg¥ () = n! Z
(GYSN
In the above formula we have a generalized rising factorial
e

[Alls; (In) (N + 2 —i)!
Hoe=a

A
INT" = d; (N =)

, 19)

where 1y is the N-dimensional identity. The corresponding
generalized falling factorial is

1409 .
B (N+i—1)!
Wh = I,-zll (N—xi+i-Dl 20)

These are the quantities that appear in (2). They satisfy two
symmetry relations

[-NT" = (=D"[NT; @D
and
[NV = [N, (22)
where A is the partition conjugated to A (obtained by trans-
posing its Ferrer’s diagram). Clearly [x]* is a polynomial in x
of degree |A|. Let ¢, be the coefficient of the smallest power of
x in this polynomial, so that, when x is small, we have

x]* = 65xPP + 0P, (23)

with D()) being the number of parts in A for which A; —i > 0.
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C. Matrix integral

The matrix integral, which encodes the semiclassical ap-
proach to the calculation of (p,(Q)), is

Z (M1 —y)]" /dZeiM Yo %Tr(Z"’Z)"
Z

ﬁ L 7! (24)
X  ———  ———— ,
1-ziz" ), \"1—yziz),,

k=1 Ues sl (k)

where Z is a complex N-dimensional matrix with a Gaussian
distribution given by e M(-TZ'2) The pormalization is
Z = [ MU-yTEZ'2) |t bear some resemblance to the inte-
grals used in Refs. [44,45] to compute transport moments in
the presence of tunnel barriers.

The integral is computed using Wick’s rule [46—48], ac-
cording to which each term such as Tr(Z7Z)? is a vertex of
valence 2¢g and contractions between matrix elements of Z

are represented by edges. The term e MY iTr(ZfZ)q, when
expanded in powers of M, produces all possible vertices
without end points, the ones of valence 2g being accom-
panied by a factor —M(1 — y?). Likewise, the presence of
M(1 — y) in the Gaussian measure leads to the contribution
of [M(1 — y)]~! for each edge. The terms therefore exactly
match the semiclassical contributions in Sec. IT A.

Besides the exponential term, which is like an internal
part, we have two more terms, which are like channel parts.
The quantity (ﬁzf)ik,k represents trajectories going from
channel i to end point ry; the geometric series produces all
possible vertices that contain one end point. Analogously,
the quantity (Z Hﬁ)k’ i~q, TEPTESENLS trajectories going from
channel i, ) to end point r;, with 7 being any permutation
with cycle type w; the geometric series now produces all
encounters that happen at the lead, in which trajectories may
be reflected (leading to a factor y for each reflection). This
term already appeared in Ref. [44]. Finally, the sum over
i1, ..., 1, takes into account all possible channels through
which a trajectory may enter the chaotic region. On the other
hand, the end points are labeled by a different integer and
hence cannot be equal.

The resulting diagrammatical formulation of this matrix in-
tegral indeed therefore coincides with the semiclassical rules
we discussed in Sec. I A. Except that we must exclude all
diagrams that contain closed cycles, i.e., periodic orbits, since
these are not be present in the semiclassical approach. Closed
cycles give rise to powers of N: the contribution of a diagram
with ¢ closed cycles is proportional to N’. Therefore, we
consider the part of the result that is constant with respect to
N or, equivalently, we take the limit N — O.

D. Solution

Introduce the singular value decomposition Z = UDV,
with U and V in the unitary group /(N) and D a real and non-
negative diagonal matrix. The Jacobian of this transformation
is dZ = dUdVdX A(X)* with X = D? and A(X) being the
Vandermonde (13).

The channel parts involve

D, D.,
(1 = X )(1 = yXo)
Using the Weingarten function and character orthogonality,

the angular integration over U and V can be done and this
becomes, after summing over i, d, ¢,

pIPACH ( X ) M as)
XAOR =21 = yXx) ) (INT)E

A-n

T il
<Vikak Vckik )Z/{(N) <Ukck Uakﬂ(k)>U(N)

The Schur function above has a very complicated argu-
ment, so before integrating over X we must expand it in terms
of regular Schur polynomials. First, we write it explicitly
using the determinantal formula (12). Then we use that

R X AT (1 = i)
(1-X)1—-yX))  det[(1 —X)(1 — yX)]V-V’
and, by the Littlewood identity (10)

1
m = det(l — WX) Zsa(ﬁX). (27)
Jj>i Lad} a

So sx(m) equals det(1 — ./yX) times

1 AV
Xa:sa(\/?X)A(X) aet ([(1 —x)(1 — ka)]*"_”l)'

Now we expand the last two quantities as a linear combina-
tion of Schurs. This is done using the expansion formula (14)
and the Andréief integration formula. Hence, we need to
compute

(26)

ZNJr)»i*i Vi )
F,= — 7 TP 28
v =P = —yor @
where the integral is around the unit circle in the complex
plane. Expanding [(1 — z)(1 — yz)]~ %D as

o0 . .
Ai — ki\ (A — k
> ( " 1)( ' 2>yk2z’“+"2, (29)
)\.i_l )\i—l
krko=0
and using ¢ 22" = 8,, we get
pi— =K\ (M= itk .
F,, = det . 30
o e[%j( i )( wei )V GO

So S*(m) equals det(1 — ,/yX) times

Y Fpsp(X) (Z ﬁ""'sa(X)) 31)
P o

We still need to expand det(1 — ,/yX) as a sum over Schur
polynomials. This is given by a multinomial theorem,

det(1 = 7X) = Y (=¥ san(X). (32)
r=0

where (17) is the partition of r with all parts equal to 1.
Finally, combining products of Schurs as linear combina-

tions of Schurs, by means of the Littlewood-Richardson coef-

ficients, Eq. (15), we arrive at the expansion of S‘(m)
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as
> DO G~ Fp Y00, (33)
na,p Qv
Using
M
oM Ty T _ det(1 — X) ’ (34)
det(1 — yX M
the integral to be done over the eigenvalues of Z is
det(1 — XM

IAX) s, (X)dX.  (35)

1 1

li —=
N0 (INV P 2 / det(1 — yX )M
Using the Cauchy identity, Eq. (9), we get

, 1 Co,
M INT2 ;Sw(”); z
x /dX det(1 — X)M|AX)|?s9(X). (36)

This is an integral of the Selberg type [49], and the result is
given by

dglg

oy O7

1 _

S0 sy
A 6.D()=D())

where 59/, = Y, 5,CY, is called a skew-Schur polynomial,

which when computed at the identity can be written as a

determinant involving binomial coefficients,

M+6;,—i—v,+j—1
y(1y) = det / . 38
sorvlan) = e [( 6 —i—v;+] >] oo
o N1 15 .
Above we have taken the limit limy_,¢ W = o with ¢, and

D()) as in Eq. (23) [notice that this holds provxided D) =
D()), otherwise the limit vanishes].

Putting together the above calculation with (24) and (33),
we therefore arrive at

” [M]*
(@) = =)' 33600 Y FioGpv—s-
Abn pv A
_ d@lez
x> sy TSRS (39)
60,D(0)=D()r) |0 | ‘[M]
or, equivalently, the Schur moments
o (M1
(5:(Q) = (1 = y)'— > EpGp
A v
<Y s )
v 07
60,D(0)=D()») |0 | '[M]
where
G =Y Cli Chu(=7) 7" (41)
QL

This is explicit enough to be used in a computer to find
the first few terms in a power series in ¥ and M~'. The
number of computable terms is limited by our ability to com-
pute Littlewood-Richardson coefficients, a problem, which is
known to be hard [50], in fact #P-complete [51], and also

by the large number of terms involved, since the number of
partitions of n grows exponentially with /7.

E. Asymptotic nature

One feature of Eq. (40) is that it seems to have poles at
all values of M because of the [M]’ term in the denominator.
However, these poles are spurious and disappear when all the
infinite sums are performed.

Let us see how this works in the simplest example. Con-
sider the calculation of (s1)). If we restrict |0| < 2, we get
from Eq. (40)

M? -2 5 y

w1 U Two1
This expression has a pole at M = 1, while its large-M expan-
sion is

(42)

-y
M2
If we goup to |6| < 3, we get a different approximation, more
cumbersome, with a second pole at M = 2, but whose large-M

expansion is

+OM™). (43)

1—y%—

3yd—vy)
M?2

If we go further to |#] < 4, we get yet a different approxi-

mation, even more cumbersome, that now has a third pole at

M = 3, but whose large-M expansion is

s 6y —vy)
A Vo
It is clear that when infinitely many terms are taken into
account, for a fixed value of y < 1 (or at least as long as
1 — y > 1/M) the partial sum will get arbitrarily close to 1,
in agreement with expectation. The infinite series in Eq. (40)
should be seen as an asymptotic series.

As discussed in Sec. III, we conjecture that the series in
Eq. (40) actually represents a rational function of y and M,
for any A.

1—y3— +OM™. (44)

1— +OoM™. (45)

F. Hook partitions

The simplest kind of partitions are the hooks, A = (n —
k, 15). They can be used to compute the traces, because

Pu(@) =D x:(1)s:(Q) (46)
A

and x; (n) is different from zero if and only if X is a hook.

When A is a hook, & must also be a hook. This means v
must be a hook and thus also p. Let § = (T, 1'), v = (4, 1%),
p = (R, 1"). Then

sov (1) = hr_a(1M)e,_,(1M) (47)

(M—I—T—A—])( M)
= , (48)
T-—-A t—a

and, writing (M )™ for the rising factorial and (M), for the
falling factorial,
dyty (T — D!

O~ (T + (M — )T+ (49)
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The function G,, , is different from zero if |v| — |p] is even
and p; is either v; or v; — 1. For example, if v = (3,1, 1, 1)
then p must belong to {(3, 1, 1, 1), (2, 1, 1), (3, 1), (2)}. Then
we conjecture that G, = yM=1PD/2 /S0 we end up with the
simpler expression

Sk, 15 (Q))
(I—y)

[(M — P

ZZF k— )2k
M+T—A—1\/ M
Xr§a< T—A ><t—a)

VT-H—A—a(T _ 1)'[‘
X .
(T + )M — )T+

Unfortunately, it is still not so simple that would allow for
explicit summation.

(vl- Ip\)/2

(50)

III. CONJECTURES

Entering our expression into a computer algebra system
and doing some experimental investigations, we have ar-
rived at some conjectures. Inspection of Eq. (2) shows that
the symmetry relations (21) and (22) imply (s;/)(0, M) =
(—1)*(s;)(0, —M). Does this symmetry still hold in the pres-
ence of the tunnel barrier? We conjecture the answer to be yes:

() (y, M) = (=DM (s;:) (v, —=M). (51)

We also conjecture another symmetry relation, involving reci-
procity in the reflection probability:

() "L MOIMT = (s3)(y, M)IM];.. (52)

These symmetry relations suggest that maybe self-
conjugate partitions (A = A") should be particularly simple.
Indeed, and quite surprisingly, we conjecture that for self-
conjugate partitions the Schur moment (s;) is actually
independent of y and proportional to M. For example,
(se.0)(y, M) =M?>/3 and (s@2)(y,M)=M*"/12. So the
fact that A%I(Tr(Q)) does not depend on y and M generalizes
to this whole class of Schur moments.

Investigating the y series of Schur moments, we have
found evidence that, if these quantities are first multiplied by
(1 — ), the series in fact terminates. So we conjecture that

(1 =)™ s)(y) = Tu(y), (53)

where T,(y) is a polynomial in y, whose coefficients are
rational functions of M. In the special case of singletons,
A = (n), we conjecture the explicit form of this polynomial:

n,(M)(n g( y)"( )(M+k)<" M —n+ kg,

where (x)™ and (x), are the usual rising and falling fac-
torials. Of course, a formula for T(; . 1)(y) then follows
from (51). For example,

.....

Toy(y) MM +1)—2(M*> — 1)y + M(M — 1)y?
M QMM — 1) :
Tan(y) MM —1)—=2M> — 1)y + M(M + 1)y?
M MM + 1) '

Here is a more generic example, showing that even hooks
can be complicated:

8M (M —2)VTi51(y)
=M —DW —4M — 1*M + DM +2)y
+ 6(M? — 4)(M?* +1/3)y?

—4(M — )M —2)(M + 1)y + (M — 2)Py™.

(54)

The binomial numbers are still there, but a close look at the
coefficient of y? reveals that the dependence on M may not
factorize very nicely.

Finally, we computed (pu)(Q)) = (Tr(Q")) and
(Pa,..n(Q)) = M™(ty,), for the first few n, from the Schur
moments, according to (7). The resulting exact expressions
are lengthy, so we mention only limiting cases. To that end,
let us define the transmission probability as ' = 1 — y.

When M > 1 and M~2 « T, we are led to conjecture that

1 . (27!—2)' 1 o0 n2 55
A—l(pm(Q))—m[ + <M2F)] 43

for n « M and (p(,)(Q)) = oo for n > M. On the other hand,
when y is fixed and MT" > 1, we conjecture that

" nn—1)
{mw)r) = “MT?

for n « M and (ty) = oo for n > M. These are approxi-
mately the moments of a Gaussian distribution

+ O[(MT)™] (56)

1 — L (r—1p)?
PWigner(T) = O’«/Ee 207 s (57
with
2
o= 1% (58)

We therefore expect this to be the distribution of the Wigner
time delay in this regime.

IV. NUMERICS FOR A SPECIFIC SYSTEM

Since we have presented some conjectures, we now check
them in comparison to numerical results. We choose the tradi-
tional toy model of quantum maps.

Let U be a unitary matrix, supposed to represent the
quantum dynamics inside the cavity, as if it were closed. Its
dimension, d, must be large in order to simulate the semi-
classical limit. We take a rather modest d = 200. From U,
a scattering matrix Sy of dimension M can be computed by
introducing coupling to the outside. The ratio M/d must be
small so that the open system is still reasonably similar to the
closed one. We choose M = 5.

The coupling is done by a M x d rectangular matrix W as

So = WU (1, — PUSH)'WT, (59)

where P = 1, — W'W is a projector into the inside and
plays the role of a quasienergy. The interpretation of this
formula is as follows: the quantum particle enters the cavity
by means of W7, then the geometric series (15 — e“PU)~!
which is like a Green’s function, propagates it inside the
cavity, and finally it exists by means of W.
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FIG. 2. Kicked rotor, d = 200, M = 5, first few moments s, (Q)/(Mzp)", averaged over energy and opening position. The corresponding
partition A is shown next to each line. Vertical axis is truncated. Agreement is excellent, provided y is not too large. For y 2> 0.7 the average
from the simulations can become unreliable because fluctuations are too strong.

The Sp matrix corresponds to perfect coupling. Tunnel
barriers are introduced by defining a further transformation

S=—R+TSy(1 —RSy)"'T, (60)

where R and T, representing reflection and transmission
amplitudes of the barrier, are both multiples of the M-
dimensional identity, R? = y 1y and T2 =(1-— y)1y. The
first term, —R, produces prompt reflection, while the second
term is responsible for round trips of the particle inside the
cavity with multiple reflections at the barrier from the inside.
The Wigner-Smith matrix is then obtained as
0= —is" ﬁ. (61)
de

The derivative is performed analytically, not numerically,
keeping in mind that

i(l—){)—1 —(1—)()—161—)((1—X)‘l (62)
de N de .

For the closed dynamics operator U we have two choices,
either sample it at random from the unitary group or take it
to be a physical quantum map. We have checked that both
approaches actually result in the same statistics, as is to be
expected.

We have used the kicked rotor, a conservative map on the
torus. The equations of motion are

qn+1 = qn + Pn» (63)

Pnt1 = Pn+ K Sin(zn'q”)’ (64)

and the dynamics is known to be strongly chaotic if K =9,
which is the value we use. This map is quantized by the matrix
with elements given by Uy, = ﬁel‘bﬂ, with

T , NK .
®jp == — k)" — ——I[cos(2m j/N) + cos(2mk/N)].
N 4 65)

The way we generate statistics is by using 60 differ-
ent values for the quasienergy € and 20 different positions
for the opening, leading to 1200 different matrices Q. The
result is shown in Fig. 2, where we plot different Schur mo-
ments (s, (Q)) as functions of y, with data from simulations
on the left panel and our conjectured results on the right
panel.

We see that for the self-conjugated partitions A = (1) and
A = (2, 1) the corresponding Schur moments indeed come out
approximately independent of y. The agreement is very good
in all cases, so our conjectures are well validated. There are
some discrepancies for large y, but this is because in that
regime there are wild fluctuations in the numerical results,
so that much larger samples would be necessary in order
to guarantee convergence of the average. The presence of
factors (1 — y) in the denominators of Schur moments show
that observables actually develop infinite variance in the limit
y — 1, so perhaps such discrepancies are unavoidable. We
have also verified numerically that the estimates (55) and (56)
are indeed accurate (not shown).

V. CONCLUSION

We have developed a semiclassical approach to the statis-
tics of the time delay matrix for quantum systems with
broken time-reversal symmetry and chaotic classical dynam-
ics, in the presence of a tunnel barrier. The approach leads
to results that are expressed as asymptotic series in powers
of the reflectivity of the barrier, y, with coefficients that
are rational functions of the channel number, M. Based on
calculations using computer algebra systems, we then con-
jectured some exact expressions for special kinds of Schur
moments, valid for arbitrary y and arbitrary M. These con-
jectures were then validated in comparison with numerical
simulations.

This advance was made possible by combining the deriva-
tion of efficient diagrammatic rules like the ones from
Ref. [31] with the formulation in terms of matrix integrals
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proposed in Refs. [32,44]. Together, these methods are able
to go beyond even what a phenomenological random matrix
theory is capable of delivering.

Computer codes for computing Schur moments from
Eq. (40) are available upon request.
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