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Abstract

We compute the DC conductance with two different methods, which both exploit the integrability
of the theories under consideration. On one hand we determine the conductance through a defect by
means of the thermodynamic Bethe ansatz and standard relativistic potential scattering theory based
on a Landauer transport theory picture. On the other hand we propose a Kubo formula for a defect
system and evaluate the current—current two-point correlation function it involves with the help of
a form factor expansion. For a variety of defects in a fermionic system we find excellent agreement
between the two different theoretical descriptions.
0 2002 Elsevier Science B.V. All rights reserved.

PACS:73.50.Bk; 73.40.-c; 72.10.-d; 11.10.Kk; 05.30.-d

1. Introduction

Conductance (conductivity) measurements belong to the easiest and most direct
experiments which can be carried out. They attract a lot of attention, due to the fact
that in general they can be performed without perturbing very much the behaviour of the
system, e.g., a rigid-lattice bulk metal, such that the uncertainty of experimental artifacts
is reduced to a minimum. There exist various well-known theoretical descriptions, such
as semi-classical transport theories (Landauer [1] and Boltzmann—Drude [2]), dynamical
linear-response theory [3,4] and also Green function linear-response theory [5]. To carry
out the latter, in particular at finite temperature, is still poorly understood in generality [6],
even in 14 1 space—time dimensions [7,8]. For a review on Landauer—Bittinger theory and
the Kubo formula see, e.qg., [4,9]. Since recent experimental progress allows conductance
measurements also in411 space—time dimensions [10], one can on the theoretical side
fully exploit the special features of low dimensionality.
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Itisin particular very suggestive to exploit the full scope of non-perturbative techniques
which have been developed in the context of integrable quantum field theories h 1
space-time dimensions, such as the thermodynamic Bethe ansatz (TBA) [11,12] and the
form factor bootstrap approach [13,14]. Generalizing the Landauer transport picture a
proposal for the conductance through a quantum wire with a defect (impurity) has been
made in [15,16]

o0
¢m)=3, Im 2 asler ) mr o) - o 0. ) T @]
i M= )—> 0

(1.2)
which we only modify to accommodate parity breaking, known to occur in integrable
lattice models, see, e.g., [17]. This means in particular we allow the transmission
amplitudes to be different for a particle of typavith chargeg; passing with rapidity
through a defect of type from the left7;* (9) and righti"‘ (8) . The density distribution
function p! (0, T, u;), being a function the temperatuiig and the potential at the left
Mﬁ and right i} constriction of the wire, can be determined by means of the TBA.
We have already restricted (1.1) to the Abelian (diagonal) situation. It is clear that the
effect resulting from the defect is most interesting whEfi(0)| # 1, which requires the
occurrence of simultaneous transmission and reflection (see (2.6), (2.17)). In this paper
we will therefore be mainly interested in that situation. One may adapt (1.1) also to the
case of pure reflection, which physically describes the influence of the constriction to the
conducting process. From the previous statement it is clear that such boundary theories are
only interesting in this physical context when they are non-Abelian.

The other prominent way of determining the conductance is a result from linear response
theory, which yields an expression for the conductance in form of the Fourier transform of
the current—current two-point correlation function. This Kubo formula has been adapted
to the situation with a boundary [18]. As we mentioned, this will only capture effects
coming from the constriction of the wire, we propose here a generalization to the analogous
situation as described in (1.1), i.e., when a defect is present

GY(T) = —al)iLno 52 / dt e“‘”(](r)ZQJ(O))T’m. (1.2)

Here the defect operatdf,, enters in-between the two currentswithin the temperature
and mass: dependent correlation function. The Matsubara frequency is denoted by

The main purpose of this manuscript is to compare the two alternative descriptions (1.1)
and (1.2) for massive bulk theories with a defect which allows for simultaneous reflection
and transmission. There exist various investigations, e.g., [15,16,19,20] for conformal
(massless) theories with defect, which exploit the original folding idea of Wong and
Affleck [19]. The idea is that a conformal field theory withparrely transmitting or
reflecting defect can be mapped into a boundary theory, i.e., a theory living in half space,
which has the advantage that the full restriction of modular invariance can be exploited
in the construction of boundary states as pioneered by Cardy [21]. Since this folding idea
relies on the vanishing of either the reflection or transmission, our considerations do in
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general not reduce to that set up, even in the conformal limit. As was already pointed out
in [19], and as can be seen directly from (1.1) and (1.2), in that case the conductance is less
interesting because it is either zero or perfect for Abelian theories.

In Section 2 we outline the procedure of how the defect scattering matrices may be
determined, since they are needed as input in both approaches. We demonstrate that the
Yang—Baxter system singles out the free Fermion as a very special model, which we
treat thereafter extensively. In Section 3 we newly formulate the defect TBA equations
and use them to determine the density distribution functions. We evaluate numerically the
Landauer formula (1.1) for various defects and provide some analytical approximations in
certain regimes. In Section 4 we propose a Kubo formula (1.2) for a configuration in which
an impurity is present and compute the current—current two-point correlation functions
occurring in there by means of a form factor expansion. We find very good agreement
between (1.1) and (1.2) for the complex free Fermion theory with various types of defects.
Our final conclusions and an outlook into open problems is provided in Section 5.

2. Determining the defect scattering matrices

An essential input required in both non-perturbative methods which are exploited to
compute the conductance (1.1) and (1.2), that is the TBA and the form factor bootstrap
approach, respectively, is the knowledge of the exact (defect) scattering matrix. It is one of
the most intriguing facts of two-dimensional quantum field theories that these matrices can
be determined exactly to all orders in perturbation theory. In the following section we will
recall how much (little) of this approach can be carried over to the situation when defects
are present and compute explicitly the transmission and reflection amplitudes for a variety
of concrete defects.

2.1. Defect Yang—Baxter equations

A cornerstone in the context of integrable models i 1 space—time dimensions are
the Yang—Baxter equations [22]. They can be derived most easily simply by exploiting the
associativity of the so-called Zamolodchikov—Faddeev (ZF) algebra [23] and its extended
version which includes an additional generator representing a boundary [24-26] or a
defect [27,28]. Indicating particle types by Latin and degrees of freedom of the impurity
by Greek letters, the “braiding” (exchange) relations of annihilation oper&dey of a
particle of typei moving with rapidityé and defect operatorg, in the statex can be
written as

Zi(01)Zj(62) = S} (01— 62) Zx (62) Z1(61), (2.2)
Zi(0)Z](62) = SH (01— 02 Z] (6DZ1(01) + 27801 = 6208, (2.2)
Zi0)Zo = RP6)Z;(-0)Z5 + TP 0)257;(6), (2.3)
ZoZi(0) = RIP (—0)257,;(—0) + T.fﬁ(_e)z 1(6)Zg. (2.4)

The bulk scattering matrix is indicated I8y and the left/right reflection and transmission
amplitudes through the defect are denotede(;R andT/T, respectively. We employed
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Einstein’s sum convention, that is we assume sums over doubly occurring indices. We
suppress the explicit mentioning of the dependenc& obn the position in space and
assume for the time being that it is includeddn For the treatment of a single defect

this is not relevant, but it will become important when we consider multiple defects. The
same relations hold when we replace the annihilation operators by the creation operators
ZI.T(B) with R/ﬁ, T/T andsS replaced by their complex conjugates. The algebra (2.3)—(2.4)
can be used to derive various relations amongst the scattering amplitudes. Using extended
ZF-algebra twice leads to the constraints

S};.l(e)s,’:;"(—@) =45"s%, (2.5)
RIEORY (—0) + T )T (—0) =855, (2.6)
RIEOTS (~0)+ T O)R}) (~6) =0. @7)

The same equations also hold after performing a parity transformation, thatiRsdoR
andT < T in (2.6)—(2.7). From the associativity of the extended ZF-algebra one derives
the equations [24-28]

S012)[1® RE (61)]S@12)[1® R} (62)] = [1® R (62)]S(G12)[1 ® R} (601)]S(612),

(2.8)
S012[1® RE (01)]S@12)[1® T3 (62)] = R} (61) ® T/ (62), (2.9)
S012[TY (62) © T} (6] = [T (61) ® T} (62)]S (612, (2.10)

where we employed the conventiqa ® B)f?f = Af.‘Bj. for the tensor product and

abbreviated the rapidity SUML2 =061+ 02 andeifference)lz =61 — 62. Once again the
same equations also hold f@r<> R andT <« T. Starting with another initial asymptotic
state one derives [28]

RE(61) ® R} (62) = R} (01) ® RL (62, (2.11)
[7£02) @ 1]S@12[ R} (01) @ I]S(612) = T} (62) ® RE (60, (2.12)
[[® 7L (02)]5 012 [1® R} (01)]S(012) = RE (61) ® T} (02), (2.13)
[7£ 60 ®1]S 01 [T) (02) @ 1] = [1® T/ (62)]S Gr2)[I® T (61)]. (2.14)

On the basis of Egs. (2.8)—(2.10), it was shown in [27], for the Abelian case without
defect degrees of freedom, that one cannot have reflection and transmission simultaneously.
In [28] this result was extended to the non-Abelian parity breaking case and it was proven
that for the simultaneous occurrence of reflection and transmission the scattering matrix
has to be rapidity independent and of the form

S(0) = Po, (2.15)

with P being a permutation operator anda constant matrix. When assuming in addition
thato is a diagonal matrix with the properdy;o;; = 1, the free Fermiony(; = oj; = —1),

free Boson ;; = o;; = 1) and also the Federbush model [29] and the generalized coupled
Federbush models [30] are solutions to (2.15).
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As a further set of consistency equations, which serve for the determination of the
defect scattering matrix, we report the crossing relations, which are as usual less obvious
to justify. In analogy to the relations which have to hold for the bulk scattering matrix
Sij (@) = Sijim —0) = S}‘i(—e) (7 is the anti-particle of; and « denotes the complex
conjugation) we deduce from (2.3)—(2.4) the crossing-hermiticity relations

RY(0) = R%(—0)* = Sjj—(ze)ﬁj.‘(m —0), (2.16)
T#0) = ?;f(—e)* = T;"(m —0). (2.17)

The first equalities follow when takin@f(@)* =Z;¥)andZ, = Zg. The latter relations

in (2.17) simply result by considering the relations fowhile letting one of the particles
freeze, i.e., setting its rapidity to zero, and viewing it as a defect. Relations (2.16) are
obtainable in a similar fashion as the interpretation put forward in [26,31]. Our Egs. (2.16)
and (2.17) disagree slightly from the crossing relations in [26,27,31,32], which is due to
the fact that when parity is broken real analyticity is replaced by Hermitian analyticity [33].
Later on in our example, this will also be reflected in the representation of the free Fermion
field (2.35), being Dirac rather than Majorana. There is of course no consequence of this
choice of conventions on the physics, since the ambiguity just exploits the fact that only
the moduli of these amplitudes are observable.

Similar as for the bulk scattering matrices an additional powerful constraint results from
the singularity structure of the defect scattering amplitudes. Supposing that the defect
scattering matrices have a pole on the imaginary axi®g@e iR, the corresponding
residues are therefore constraint as

ReSRI0) =i Rep R ©)=1 Reg T/ @)
=i ResT¥(®)

<0, forfpe (0, ), (2.18)
PENTN '

>0, forép¢ (0,n).
The intervalq0, ) are understood to be moar2

2.2. Multiple defects

Assuming that we have determined the defect scattering maWipEsand T/T fora
single defect, for instance by solving the consistency equations in the previous subsection,
it is straightforward to use them in order to compute the related quantities for several
defects. This type of situation is of interest since, unlike for a single defect, it leads
to the occurrence of resonance phenomena and when the number of defects tends to
infinity even to band structures. Let us therefore commence by exploiting the extended
ZF-algebra (2.3)—(2.4) for a double defect. For the reasons mentioned in the introduction
we are interested in the situation WhRViE and T/T are simultaneously non-vanishing,
and in the light of the result (2.15), we shall therefore focus on the diagonal case from now
onwards. We compute

Zi(0)ZaZp =R (0)Zi(=0)ZaZp + T (0) Za Zp Zi(6), (2.19)
ZaZpZi(0) = R (—0)Za ZpZi(—0) + TP (0)Z:(0) Zo Zp. (2.20)



454 O. Castro-Alvaredo, A. Fring / Nuclear Physics B 649 [FS] (2003) 449-490

where we have now introduced overall transmission and reflection amplitudes correspond-
ing to two defects

o B B o T
7 (6) = w, R (6) = RY(0) + ki (9)2" (9)~Ti (9), (2.21)
1— RV (O)R*(0) 1-R7(O)R}(6)
To T8 o B B
7 6) = IO ©) R 0)=RP (o) + R ©O)T 6)T; ©6) (2.22)

1-RP@R*0) 1-RFO)R(6)

Theterm[1l— leg (9)1?;" 1= Z;’;l(leg (9)1?;" (6))" results from the infinite number of
reflections which we have in-between the two defects, well known from Fabry—Perot type
devices of classical and quantum optics. For the @aseT’, R = R the expressions (2.21)

and (2.22) coincide with the formulae proposed in [34]. When absorbing the space
dependent phase factor into the defect matrices, the explicit example presented in [27]
for the free fermion perturbed with the energy operator agree almogt fefl’, R = R

with the general formulae (2.21). They disagree in the sense that the equamﬁcm

andﬁf‘ﬁ (6) does not hold for generig, 8 as stated in [27].
It is now straightforward to extend the expressions to an arbitrary number of defects,
sayn, in a recursive manner

@O 6)
=01 o ~0lp
1— R (@) R (B)

RE(0) = RY:™ (g) + RO T O T (0)
i — ; ~ya o -y
i l 1— ROT9 () R%n (g)

For convenience we encoded here the defect degrees of freedom into the vector
a = {a1,...,a,}. Similar expressions also hold f(‘ff}"‘(@) = fi"’l"'“” (6) and ﬁ;"(@) =

ﬁfl"'“" (0). Itis clear that from the knowledge of the single defect amplitudes we are now

in the position to compute the corresponding quantities for multiple defects just by nesting
successively the expressions (2.23) and (2.24) for increasing valueguf each other.
Nonetheless, in general one does not succeed to provide simple analytical expressions for
n-defect amplitudes and a different description is useful.

Alternatively, we can define, in analogy to standard quantum mechanical methods (see
e.g., [35,36]), a transmission matrix which takes the particle from one side of the defect
to the other. From the braiding relations (2.3) and (2.4), we obtain with the help of the
unitarity relations (2.6) and (2.7)

M) = , 1l<k<n, (2.23)

, l<k<n. (2.24)

Zay Zay ZiO) N _ (17 4 Zi(0)Zay - Za,
(Zozl e ZOln Zi(_9)> B (ngk (9)) (Zi(_9)2a1 T Zozn> ’ (2.25)
with
i gy — T O)* —R*O T O)1
MO{]((Q) _ <_R:Xk(_9)]-;ak(_9)_l ]‘}ak(_g)—l ) . (226)

This means alternatively to the recursive way (2.23) and (2.24), we can also compute the
multi-defect transmission and reflection amplitudes as
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-1 n n -1

: R?(9>=—(1"[Mgk<e)> (ngkw)) :
k=1 12 \k=1 11

(2.27)

One may convince oneself that this formulation is indeed the same as (2.23) and (2.24). It
has, however, the virtue that it allows for a more elegant computation of the band structures.
In particular, it is most suitable for numerical computations, since it just involves matrix
multiplications rather than recurrence operations.

Let us now consider the case in which all the defects are of the sameatype
equidistantly separated by an amowrdnd send: — oo. First of all we have to include
now explicitly the dependence of the defect on its position into the discussion. We assume

T 0) = (]‘[M@k <e)>
k=1

11

n ) n ) iky
l_[fo(x = l.))) = H[Qnyx(x = O)]l n_yl’ Qy = (eo efoiky ) ’ (228)
=1 =1
where k corresponds to the wave-vector of the lattice. Taking tler> oo this
accommodates Bloch's theorem (e.g., [35]) for the relativistic set-up. The simple
requirement, that the product of transmission matriceg.lig [T/, M., (x = Iy) remains

finite, leads now in the usual way to a restriction for the allowed energies, that is to band
structures. To see when this is the case we can exploitthe r.h.s. of the first equation in (2.28)
and diagonalize the matriQnyx(x = 0). Then it is clear that the limit — oo only
remains finite when the eigenvalues of this matrix are not real

A g R, (2.29)
The eigenvalues are computed to
Vl’f'é=xi“<9)i\/x£"<9)2— T (=0)/ T7 (—0), (2.30)
w gy OTEO) e T O))
xi (0)= > . (2.31)

In the parity invariant case the criterium (2.29) becomes simpler. From (2.30) and (2.31)
follows in that case that the allowed energies in the infinite lattice have to respect

x2©) =R THO) Y <1, forT=T. (2.32)

In other words particles are only allowed to travel in the system with rapidities for which
the inequality (2.32) holds. In conclusion, this means the determination of the transmission
amplitudes for a single defect is sufficient to determine multiple defects and the energy
band structure. Let us illustrate the working of this general formulae with a concrete
example.

2.3. Free Fermion with defects
The continuous version of th@ + 1)-dimensional free Fermion (Ising model) with

a line of defect was first treated in [37]. Thereafter it has also been considered in [27,
31] and [32] from a different point of view. In [27,31,37] the defect line has the form of
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the energy operator and in [32] also a perturbation in form of a single Fermion has been
considered. In this manuscript we want to enlarge the class of perturbations having in mind
to obtain various different kinds of structural and physical behaviours.

Let us consider the Lagrangian density for a complex free Fermiaiith ¢ defectd

-1
L=y (iy 3, —m)y + Y 8(x — x)D* (. ), (2.33)
n=0
where we descrjbe the defect by the functi®®s (v, v), which we assume to be linear in
the Fermi fields) andy. In the following we will restrict ourselves mainly to the case of
equidistantly distributed defects of the same type, 1,e= ny andD*: (y, ) = D(¥r, )
forn e {0,¢—1}.

2.3.1. Transmission and reflection amplitudes

Unfortunately, it follows from the arguments outlined in Section 2.1, that when one
is seeking a situation with simultaneously occurring reflection and transmission the
constraining equations for diagonal bulk scattering matrices reduce simply to unitarity
and crossing. These equations are, however, not restrictive enough by themselves to fix
R/R andT/T and therefore one has to resort to alternative arguments. For instance one
may proceed in analogy to standard quantum mechanical potential scattering theory (see
also [27,31,32]) and construct the amplitudes by adequate matching conditions on the
field. We consider now a single defect at the origin which suffices, since multiple defect
amplitudes can be constructed from the single defect ones, according to the arguments
of the previous section. We decompose the fields of the bulk theory(as = ©(x)
Y (x) + O(—x) ¥_(x), with ® (x) being the Heavyside step function, and substitute this
ansatz into the equations of motion. This way we obtain the constraints

ID(W (x), ¥ (x))
AV (x) =0

Using here for the left-{) and right {+) parts ofyr the Fourier decomposition of the free
field

iy (Y ) — - )], _o= (2.34)

dp; - -
t/fj(x)=/ﬁ;(?(aj(p)uj(p)e_”’f"‘+a;r(p)vj(p)e”’f"‘), (2.35)
J
with  /m? + p? = p9 and the Wey! spinors
e [ e—0/2 [ eb12
uj(p) = 7]< o012 ) and v;(p) =i 71 (_ee/2>, (2.36)

1 Throughout the paper we use the following conventions:

xH = (xo, xl), p"* = (mcosh, msinhg), gOO: —gll: 01— _10_1

1)
o_(0 1 1_(0 1 5_ .01 _ (Ve St 0
Y —(1 O)’ Y —(_1 0)° Yy =vrvvr, o = 1552)’ Wa—l//a)’~
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we can substitute them into the constraint (2.34). Treating the equations obtained in this
manner componentwise, stripping off the integrals, we can bring them thereafter into the

form
al_(®) Ri©)* T;0)*\ [ al_(—0)
t =\ Foove Booyx T ’ (2.37)
al ,(-0) T;0)*  Rj(©) a; . (6)
aj—©0) \ _(Rj©®) T, (a;-(-0) (2.38)
aj+(=6) Tj©0) Rj®) )\ a+©®) | '

The creation and annihilation operatarg6), aiT(@) play in (2.1) and (2.2) the role

of the ZF-algebra generators in view of the usual fermionic anti-commutation relations
{ai(01),a;(62)} =0,{a;(01), aj(ez)} = 2m§;;6(012). When including the defect operator in

Egs. (2.37) and (2.38), on the right/left fer/4+-subscript, they acquire precisely the form

of the extended ZF-algebra (2.3)—(2.4), such that one can read off directly the reflection and
transmission amplitudes. One may convince oneself that the expressions found this way
indeed satisfy the consistency equations like crossing (2.16), (2.17), unitarity (2.6), (2.7)
and respect (2.18). In order to find the explicit expressions, we have to consider some
concrete defects. Let us first concentrate on the energy perturbation.

2.3.2. The energy operator defdet (v, ) = gy

The defectD* (v, ¥) = gy has received already some amount of consideration, for
the reason that it possesses a well studied [38] discrete counterpart. Taking the continuum
limit of these lattice models the defect term in there acquires the form of the energy
operators(x) = gy ¥ (x), with g being a coupling constant. According to (2.34), (2.37)
and (2.38) we compute

~ ~ sinBcoshh .
RY0,y)=R%(6,y) =R%(0, —y) = R%(0, —y) = ——————_2ymsin
j(©0:3)=R;(0.y)=R;0,—y)=Rj (0, —y) = ————
(2.39)
~ ~ cosB sinhg
T8O =Ty @) =T*O=T*0) = ——, 2.40
P O =T;O)=T;6) =17 ) sinh6 + i sinB (2.40)
where we used a common and convenient parameterization in this context
. 4
snB=——2_  _T<pco (2.41)

44 g2’ 2
Note, that there is no explicit-dependence irT/T and that (2.39)—(2.40) satisfy the
“unitarity” relations (2.6)—(2.7) and the crossing-hermiticity relations (2.16)—(2.17) when

the defect is situated at the origin. The residues are constrained as in (2.18). The
expressionsR‘;’(@, B) and TJ‘?‘(Q, B) coincide with the solutions found in [27], which,

2 This is suggestive since many bulk theories admit such a relation between the bare and effective coupling.
One may equate some combinationsRoind 7 with some well-known bulk scattering matrices. For instance,
we identify the sinh-Gordon S-matri%sc (0, Bsg) = T;(0, Br/2)/T;(—6, Bmr/2), with the indicated relation
amongst the effective defect coupling constants.
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Fig. 1. (a) Single defect with varying coupling constat|? and|R|2 correspond to curves starting at 0 and 1
of the same line type, respectively. (b) Double defect with varying distan¢e) Double defect with varying
effective coupling constar®®. (d) Double defect (dotted line), eight defects (solid line).

however, in general does not correspond to taking our particles simply to be self-
conjugated, since we use Dirac Fermions. Having obtained these amplitudes, we can easily
compute the corresponding quantities associated to multiple defects by means of (2.23),
(2.24) or (2.27). The explicit formulae are obvious and since they are quite cumbersome
we will not report them here. Instead, we will depict them as functions of € asirig. 1
for various parameters in order to emphasize some of their characteristics.

Part (a) of Fig. 1 confirms the unitarity relation (2.6) where we uR?uje, B) =
R;(—6, B) and TJ.*(Q, B) =T;(—6, B). Part (b) and (c) show the typical resonances of
a double defect, which become stretched out and pronounced with respect to the energy
when the distance becomes smaller and the coupling constant increases, respectively.
Part (d) exhibits a general feature which extends to an even number of higher multiple
defects, say2, when keeping the distangebetween the two most separated defects fixed:
The resonances accumulate at the position around the (Jth resonances of the double
defect. For increasing they become very dense in that region such that one may speak of
energy bands.

It is interesting to compare these bands with those obtained from the criterium (2.32),
which translates in this case into

sinh6(cosky — cosB) < sinkysinB, k =msinh6. (2.42)
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Fig. 2. Band structures according to the criterium (2.32). The non-shaded regions are forbidden. (a) eight defects
with B = B1 =--- = Bg = 1.1 equidistant by = 0.25/7. (b) Double defect witlB = By = B, = 1.1 distanced
by y =0.25.

Fig. 1(d) shows that when taking 2lefects separated by a distang&€2n — 1) one obtains

for largen an energy spectrum which resembles a band structure. Analyzing instead the
function x/(6) in (2.31) we obtain the same band structure from the criterium (2.32).
The two computations show that the positions as well as the width of the bands in the
two Figs. 1(d) and 2 coincide quite well. Remarkably, even for the double defect the
criterium (2.31) yields energy regions, see Fig. 2(b), which are in good agreement with
the exact computation as presented in Fig. 1(d).

Very often we will not be able to perform certain computations analytically, but instead
we can carry them out in the massless limit. The prescription for taking this limit was
originally introduced in [39]. It consists of replacing in every rapidity dependent expression
0 by 6 + o, where an additional auxiliary parametehas been introduced. Thereafter one
should take the limit — oo, m — 0 while keeping the quantityi = m /2 exgo) finite.

For instance, carrying out this prescription for the momentum yiglds= +in exp(+6),

such that one may view the model as splitted into its two chiral sectors and one can
speak naturally of leftL) and right(R) movers. In this way the expressions (2.39)—(2.40)
become

RY, (0. B)=%isinBe™2»% ™ and T% .(0,B)=cosB. (2.43)
Similarly we compute the expression involving two and four defects for later purposes
~ cog B

T2 (9. By = T2 (9, B) = , 2.44

jiL/R( it /R 1+ sir? BexpF2im (Yo, — Ya,)eb] (2.44)
: PN / SinB o Be 2V’

RS7R(0, B) = £i sinBe 2y’ 4 ! eA , (2.45)
J» 1+ sir? B expF2im (Yo, — Ya,)e?]

N - | SinB coS Be2Ve e’

Re%2,. (8, B) = i sin Be?v2™ & ! - . (2.46)
J» 1+ sir? B expF2im (Yo, — Ya,)e’]

1002 o304
TH293% (g By _ FH1020304 (g By T.1/r @ BT51/r O B) (2.47)

J.L/R J.L/R

1— RYY2,(0, BYRSY,(0, B)
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The remaining amplitudes can be obtained analogously. The expressions of physical
guantities, e.g., the conductance, in the massless limit should not depend on the param-
eterm, such that the amplitudes (2.43)—(2.47) should in fact always appear in combination
with other functions in order to make the prescription meaningful.

Having discussed this type of defect in some detail we will now comgye and7 /T
for various other defects in order to illustrate several types of physical behaviours.

2.3.3. Transparent defect®®(y, ) =0, D (¢, v) = gyry Ly

The examples which can be handled most easily in later considerations are defects
which behave physically as if they were transparent ones, i.¢T,%s= 1. Note that this
does not necessarily mean the absence of the defect. For instance considering the defect
DAY, ) = gvyly, we compute with the method outlined above

RE©0,B) =R’ 0. B)=R} (0. B)=R(6,B) =0, (2.48)
170.-B)=1/0.B) =T (0.-B) =T/ 0. B) = '®, (2.49)

for this defect. The coupling constant is parameterized as in (2.41). Evidently the
“unitarity” (2.6)—(2.7) and the crossing relations (2.16)—(2.17) are satisfied. Note that this
is also an example for a defect which breaks parity invariance, i.e., the left and right
transmission amplitudes are not identical. In the infinite lattice limit, i.e., when the number
of defects tends to infinity, we find

Xf/j.(e)zcos(ky:FB) = Af/j(é)géR, Vo, B, (2.50)

which means that according to (2.29) there are no forbidden energy regimes.
2.3.4. Energy insensitive defect®; (v, v) = gy y°y, D+ (Y, ) = g (1 £ ¥y
In comparison with the transparent defects the next complication arises when the defect

causes a phase shift independent of the energy of the incoming particlB? Fr ) =
gV y°y we compute

RY (0, B,—y)=R’(0,~B,y)=RY(0,B,y)=R/(©®,—B,~y)
=2 S tanB, (2.51)
T/ (B)=T!(B)= T}'(B) = ij(B) —=cos 1(B). (2.52)

In this case we observe that parity is broken for the reflection amplitudesRiae.I?.
The relations (2.6)—(2.7) and (2.16)—(2.17) o= 0 are satisfied. Foy = 0 none of the
amplitudes depend on the rapidities. In the infinite lattice limit we find

X;(e) = x}(@) =coskycosB <1 V0, B, (2.53)

such that according to (2.32) there are no forbidden energy regimes.
For D% (¢, ¥) = g (¥ + ¥®)y we compute

R*(0.B.—y)=R}*(0.—B.y) = R¥(0.B.y) = R7* (0. —B.—)

=i tan§e2i>'m sinho (2.54)
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N ~ B
T)*(B)=T*(—B)=T:*(B)=T,*(—B) =1-2i tan. (2.55)

These are examples in which parity is broken for the reflection as well as for the
transmission amplitudes. Again the relations (2.6)—(2.7) and (2.16)—(2.17) are satisfied
when the defect is placed at the origin and, as¥8r wheny = 0 none of the amplitudes
depends on the rapidities. In this case we find in the infinite lattice limit

cosky
1 2itan(B/2)
such that according to (2.32) there are no forbidden energy regions.

(@) ¢R, V6, B, (2.56)

(S+ _ §_ _ Si
X750 =x;,50) = = Aj

2.3.5. Luttinger liquid typ@?® (¥, ¥) = ¥ (g1 + g2y v

When taking the conformal limit of a defect of the type (v, ¥) = ¥ (g1 + g2y v
one obtains an impurity which played a role in the context of Luttinger liquids [40] when
setting the bosonic number counting operator to zero (see, e.qg., [41]). B&sideésv)
this is also an example of a defect for which the potential is real. With (2.34), (2.37)
and (2.38) we compute the related transmission and reflection amplitudes

4i (g2 + g1 coshp)eZymsinhe
(4+ g2 — g3)sinhg — 4i (g1 + g2coshp)’
(2.57)
4i (g1 — gocoshp)e—2iymsinhg
(4+ g2 — g2)sinhg — 4i(g1 — g2coshp)’

Rj(@, 81, 82, —)7) = §§(99 81, 82, y) =

Rj—(@, 81, 82, —)7) = ﬁj‘(99 81, 82, y) =

(2.58)
~ (4+ g2 — g2)sinhg
T7(0,81.82)=T;(0,81,82) = _ . (2.59
j €. 8182 =T; 6. 81. 82) 4+ gf—g%) sinhé — 4i(g1 + g2 costp) ( )
- (4+ g2 — g2)sinho
TE0. g1.82) = T5(0. g1, 82) = 5281 (2.60)

(4+ g2 — g2)sinhd — 4i(g1 — g2 coStY)”

As we expect, since lig—.o D (Y, ) = DY(yr, ), we recover the related results also
forthe 7/T’s and R/R’s in (2.39)—(2.40). On the other hand, for — 0 we obtain the
defectD? (¥, ¥) = g2y %y for which the expressions simplify to

_ieZiym sinho sinB

RSO, B,—y)=R%(,B,y)= : : , 2.61
/( Y) /( Y) cosB sinhd + i sinB coshp ( )
:,2iym sinhd o
~ ie sinB
RSO, B,y) =R, B, —y) = : : , 2.62
/( Y) /( Y) cosB sinhd — i sinB coshp ( )
756, B)=T5©,B)=T5®,—B)=T: (0, —B) = sinhg
A T " cosBsinhd + i sinBcoshy
(2.63)

Where the effective coupling is given by (2.41) withg — g». The relations (2.6)—(2.7)
and (2.16)—(2.17) may be verified once againyfet 0. In this case the infinite lattice limit
leads to forbidden energy regimes, since according to (2.32), the rapidities have to respect
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the inequality
(4+ g2 — g5) sinhg cosky + sinky(g1 = g2 costp) < (4+ g3 — g2) sinhg
for j, j, (2.64)
which possess non-trivial solutions.

2.3.6. The defect® (y, ¥) = g (1+ y°) /2y
For this case we compute now

ezFae—Ziym sinho

R™(,B,y)=R"™®, B, —y) = _ , 2.65
J ( Y) J ( ») i cot(B/2)sinhd — 1 ( )
~ns s e:I:GeZiym sinhd 2 66
R™(©,B,—y)=R"™@®,B,y)= : , .
J ( ») J ( ») i cot(B/2)sinhd — 1 ( )
- ~ 1
T*O,B)=T*0®,B)=T"*©0,B)=T"*®,B) = ,
j @B =168 =10 B)=T;"6. B) 15 itamrl(B/2)sinh ()
(2.67)

which is once again in agreement with (2.6)—(2.7) and (2.16)—(2.17)yfer 0. In
the infinite lattice limit we obtain also in this case forbidden energy regimes. The
criterium (2.32) gives

=+ cosky/2 < sinhd tan(B/2) sinky/2, (2.68)

which has non-trivial solutions for the rapidities.

2.3.7. The defect®*= (¢, y) = g¥ (y° £ y1) /2y
For this case we compute now

e*Ziym sinhd tan(B/2)

At At
R*0,B,y)=R*©0,B,—y) = — , 2.69
J ( Y) J ( Y) i sinhg — tan(B/2) coshp ( )
_ —2iymsinh9t
o - e an(B/2)
R*0,B,y)=R*6, B, —y) = 2.70
7 OB =R;O. B =) = G tan(B/2) coshd’ (2.70)
T;*(0.B) =T;*(6.—B) =T;*(~0,B) =T;* (-6, -B)
(i £tan(B/2)) sinhg 2.71)

~ isinhg —tan(B/2) coshy’

The crossing-hermiticity and unitarity relations hold fo& 0.

In principle we could of course prolong this list of defects and construct their
corresponding’s and7'’s. However, the main purpose of this exercise was to review how
the transmission and reflection amplitudes for a defect may be obtained and also to give
a brief account of some of their characteristic features. Important to note is that indeed all
variations of possible parity breaking occur and one should keep therefore the discussion
generic in that sense. Note that when the defect is real, naPly, v), D°(J, ),
parity invariance is preserved, which is a well known fact from quantum mechanics (see,
e.g., [36]). Complex potentials might look at first sight somewhat unphysical from the
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energy spectrum point of view. However, as is well known for some bulk theories, such
as for instance affine Toda field theories with purely complex coupling constants, one can
still associate well defined quantum field theories to such Lagrangians and construct even
classically soliton solutions with real energies and momenta [42].

A classification scheme for possible defects which maintain integrability is highly
desirable. It is interesting to note that in the conformal limit, as outlined before Eq. (2.43),
some of the defects, namel®? (v, v) and D*+(y/, ), become purely transmitting.
Therefore, in contrast to firstimpression, the folding idea [19] could be employed. We have
now enough examples at hand to use them in the following to determine the conductance
in a multiparticle system, which we shall do in two alternative ways.

3. Conductance from the Landauer formula
3.1. Conductance through an impurity

The most intuitive way to compute the conductance is via Landauer transport theory [1].
Let us consider a set up as depicted in Fig. 3, that is we place a defect in the middle of a
rigid bulk wire, where the two halves might be at different temperatures.

The direct currenf through such a quantum wire can be computed simply by deter-
mining the difference between the static charge distributions at the right and left con-
striction of the wire, i.e.l = Q, — Q. This is based on the assumption [15,18], that
Q@) ~(Qr — Ont ~ (pr — p)t, Where theps are the corresponding density distribution
functions. Placing an impurity in the middle of the wire, we have to quantify the overall
balance of particles of typeand anti-particle$ carrying opposite chargeg = —g; at
the end of the wire at different potentials. This information is of course encoded in the
density distribution function! (9, T, ;). In the described set-up half of the particles of
one type are already at the same potential at one of the ends of the wire and the probability
for them to reach the other is determined by the transmission and reflection amplitudes
through the impurity. We assume that there is no effect coming from the constrictions of

(@) ®) =iz

G=1limI/V
V-0

Fig. 3. A conductance measurement. Part (a) represents the initial condition with no current flowirgsiCe.,
and part (b)/ # 0. The defect is placed in the middle of the wire and the left and right half are assumed to be at
temperatured’; andT», respectively.
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the wire, i.e., they are purely transmitting surfaces Witk 7 = 1. One could, however,
also consider a situation in which those constrictions act as boundaries, namely purely re-
flecting surfaces. The situation could be described with the same transport theory picture
(see, e.g., [15,16,43]), but then the conductance can only be non-vanishing if the reflection
amplitudes in the constrictions are non-diagonal in the particle degrees of freedom, such as
for instance for sine-Gordon [31], that is in general affine Toda field theories with purely
imaginary coupling constant or in the massless limit folded purely reflecting (transmitting)
diagonal bulk theories.

According to the Landauer transport theory the direct current (DC) along the wire is
given by

1= 18 (o )
i

=Zq—£fd9 [0} 6.7, 17)|T®)* = ] (6. 7. ) | T @), (3.1)
=’B—Z%fd9 [0} (0.r.}) RO = pf (0.7 )| RE@)P]. (3.2)

where we assume hefg = T». The relation (3.2) is obtained from (3.1) simply by making
use of the fact thatR|2 + |T|? = 1. Eq. (3.2) has the virtue that it extracts explicitly the
bulk contribution to the current which we refer to Bs. There are some obvious limits,
namely a transparent and an impenetrable defect
lim 1“=1Ig and lim I* =0, (3.3)
|T®|>1 |T%|—-0
respectively. A short comment is needed on the validity of (3.1). Apparently it suggests that
when the parity between left and right scattering is broken, there is the possibility of a net
current even when an external source is absent. In this picture we have of course not taken
into account that charged particles moving through the defect will alter the potential, such
that we did in fact not describe a perpetuum mobile. Thus the limitation of our analysis is
thatuﬁ — w} has to be much larger than the change in the potential induced by the moving
particles.
Finally we want to compute the conductance from the DC current, which by definition
is obtained from

G (=) Grry=) . m I¥(r )/ (i - u) (3.4)
(uj=pj)—0
and is of course a property of the material itself and a function of the temperature. In
general the expressions in (3.1) tend to zero for vanishing chemical potential difference
such that the limit in (3.4) is non-trivial.
Thus from the knowledge of the transmission matrix and the density distribution

function we can compute the conductance. Having already described/figgy can
be determined, we will now explain hop! (6, r, u;) can be evaluated by exploiting the
integrability of the theory.
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3.2. Defect TBA equations

The thermodynamic Bethe ansatz is a powerful tool which may be used to compute
various thermodynamic properties of multi-particle systems which interact via a factorizing
scattering matrix [11] and some chosen statistics. In addition, it allows to check the theory
for consistency and to extract some distinct structural quantities such as the Virasoro central
in the ultraviolet limit. The original bulk formulation has been accommodated to a situation
which includes a purely transmitting defect [44] and a boundary [46]. In this section we
want to propose a new formulation which is valid for a situation not treated before in this
context, namely when reflection and transmission occur simultaneously.

As usual we obtain the Bethe ansatz equation by dragging a particle along the world
line of length L. We introduce for convenience the following shorthand notation for the
product of various particl&; (6) and defect operatots,

Z/illlalulivz @25tk Zyuy Opy) -+ Zﬂkl (9#k1)2w1 Ly O ) Zayy Ly Opy)-
(3.5)
Then we compute the braiding of a particle operator of tyaad the product oV further
particlesZ,, - -- Z,,,, with one defectZ, situated on the right of the particl&,, by using
the ZF-algebra (2.3) and (2.4)

ZiONZys Y = Zp Y 2,00 Fio — Z5 Y Zi(—00) G, (3.6)
ZES N ZiO) = Zi00) 2 Y Fia — Zi(—00) 2 5 MY Gia. (3.7)
We abbreviated here

F‘ia Ta( Q)Hslul(elﬂl)

Go _ R"( 6i)

“ =7 HSW(%) ]_[ Sis (i) (3.8)
i) I=k+1
N N

o 1 . R¥6) .

F! =—Ta(9')1_[5mi(9mi), GY = Ta(el)]_[sm,»(em,») IT Swi@un- (3.9

PN =g i i) g 1=kl

Being on a circle of lengthL, we can make the usual assumption on the Bethe wave-
function (see, e.g., [11]), which is captured in the requirement

Z; (9)2"1 BN — Z,ﬁf}){'"“” Z;(0) exp(—i Lm; sinhg). (3.10)

Using this monodromy property together with the braiding relations (3.6), (3.7) and the
unitarity relation (2.6), we obtain

N Sli(éli) N elLmi sinhg; Tiol(_gl,) e—iLmi sinhé; N
l_[ HSli i) — = == m - HSiz(Qiz) .
a SO \ 1 L6 ) TP\ T g

(3.11)

Viewing the subscripts as entire spaces rather than components, Eq. (3.11) corresponds
to the Bethe ansatz equation with simultaneously occurring transmission and reflection
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amplitudes for the generic, that is also the non-diagonal, case. We restrict it here to the
diagonal case and can therefore use the constraints (2.15), such that the bulk scattering
matrix becomes rapidity independent and the relation (3.11) may be re-written as

N
1=eiLmiSinh0Di(9)l_[Si1, (3.12)
I=1
where
Ta a N 2
D* ) = O + 1O [1i=1 Si
ia - 2
N \2 N 2712
1 ~ 2 4Ta(9)1_[l_lsl
tS|(TFO+17O][ST) ———a | - 3.13
ol 1) -85 o

For consistency reasons it is instructive to consider the limit when the reflection amplitude
tends to zero. In that case we can employ the relations (2.5)—(2.7) and may take the square
root in (3.13), such that we obtain from (3.12) the two equations

N N
R,R— 0: 1=eiLm,' sinhd Tla(e) l_[ Sila 1=e—iLm,' sinho T[()l(e) 1_[ Sli~ (314)
=1 =1

This means we recover the Bethe ansatz equations for a purely transmitting defect, which
were originally proposed by Martins in [44]. The two signs in (3.13) capture the breaking of
parity invariance in the limiting case, i.e., the two equations in (3.14) correspond to taking
the particle either clockwise or anti-clockwise around the world line as formulated for the
parity breaking case for the first time in [45]. We do not expect to recover from here the
equations for a purely reflecting boundary which were suggested in [46], since Egs. (3.6)
and (3.7) do not make sense in the Iimltf — 0. For]_[lN:1 Sl.zl =1, i.e., the free Boson

and Fermion, we can exploit the fact that (3.12) with (3.13) look formally precisely like the
Bethe ansatz equations for a purely transmitting defect. If we want to exploit this analogy
we should of course be concerned about the question Wh@lﬁ;{ﬁ) is @ meromorphic
function. Assuming parity invariance, we may take the square root

Djia(e)sz(e) + RY(6) forT=T,R=R. (3.15)

The matrixDan(e) has now the usual properties, namely it is unitarity in the sense that
D7, () D5, (—6) = 1. It follows further from (3.15), (2.16) and (2.17) that the hermiticity
relation Dfa(e) = Dfa(—e)* and the crossing reIationD?Fa(@) = D}, (ix — 6) and

Djfa ©) = Djta (i — 0) hold for the free Fermion and Bosons, respectively.

Let us now carry out the thermodynamic limit in the usual way, namely by increasing
the particle number and the system size in such a way that their mutual ratio remains finite.
The amount of defects is kept constant in this limit, such that there is no contribution to the
TBA-equations from the defect in that situation, see also [44] where the same argumentwas
employed. Hence this means that essentially we can employ the usual bulk TBA analysis
when the considerations are carried out not per unit length.
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Let us therefore recall the main equations of the TBA analysis. For more details on
the derivation see [11] and in particular for the introduction of the chemical potential
see [12]. The main input into the entire analysis is the dynamical interaction, which enters
via the logarithmic derivative of the scattering matyix (9) = —id In S;; (6)/d6 and the
assumption on the statistical interaction, which we take to be fermionic. As usual [11,12],
we take the logarithmic derivative of the Bethe ansatz equation (3.12) and relate the density
of statesp; (0, r) for particles of type as a function of the inverse temperature 1/T to
the density of occupied statg5(0, r)

m; r
pi(Q,r):ZCOShS’—i-Z[(pij %07 (). (3.16)
J

By (f *x£)(0) :=1/(27) [db’ f(6 — 6")g(0") we denote as usual the convolution of two
functions. The mutual ratio of the densities serves as the definition of the so-called pseudo-
energies; (0, r)

p; (0,r) e~ei @)
pi(0,r)  14ee@.r)’

which have to be positive and real. At thermodynamic equilibrium one obtains then the
TBA-equations, which read in these variables and in the presence of a chemical pptential

rm; COSh) = &;(0,r, ;) +rp; + Z[(B,‘j #In(14e7%7)](0), (3.18)
J
wherer =m/T, m; — m;/m, u; — w;/m, with m being the mass of the lightest particle
in the model. It is important to note that is restricted to be smaller than 1. This follows
immediately from (3.18) by recalling that > 0 and that for- largee; (0, r, u;) tends to
infinity. As pointed out already in [11] (here just with the small modification of a chemical
potential), the comparison between (3.18) and (3.16) leads to the useful relation

1 (dei0,r, i)
pi (0.7 i) = — (R ED ), (3.19)
27 dr

The main task is therefore first to solve (3.18) for the pseudo-energies from which then all
densities can be reconstructed.

(3.17)

3.3. Thermodynamic quantities

Treating Egs. (3.12) and (3.13) in the mentioned analogy we can also construct various
thermodynamic quantities. It should be stressed that these quantities are computed per unit
length. Similarly as the expression found in [44] for a purely transmitting defect the free
energy is

e8]

F@r)= —n_lr Znﬁl / d6 [cost¥ +m g (0)]In[1+ exp(—rm coshy)].  (3.20)
L 0

It is made up of two parts, one coming from the bulk and one including the data of the
defectin form ofp; (0) = —id In Dy, (0)/d6. From Eq. (3.20) we also see that when taking
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the mass scale to be large in comparison to the dominating scale in the defect, the latter
contribution to the scaling function becomes negligible with regard to the bulk and vice
versa.

3.4. The high temperature regime

Since the physical quantities require a solution of the TBA-equations, which up to
now, due to their non-linear nature, can only be solved numerically, we have to resort
in general to a numerical analysis to obtain the conductance for some concrete theories.
However, there exist various approximations for different special situations, such as the
high temperature regime. For large rapidities and smatlis known [11] (here we only
need the small modification of the introduction of a chemical potentipthat the density
of states can be approximated by

‘ 1 d i 99 ) [
pi(0. v i) ~ Ll () L)
2mr

47 do ’
wheree(0) = ©(0) — O (—0) is the step function, i.eg(@) = 1 for 6 > 0 ande (6) = —1
for 6 < 0. In Eq. (3.17), we assume that in the large rapidity regiphe, r, u;) is
dominated by (3.21) and in the small rapidity regime by the Fermi distribution function.
Therefore

(3.21)

r v~ Loy L e .
i@, r, i) 27”6(0) 20 In[l+ exp( &(O,r, ,ul))]. (3.22)

Using this expression in Eq. (3.1), we approximate the direct current in the ultraviolet by

(3.23)

. w . ! « 2
lim 1%, i) ~ ai /d9|n[1+exp( sl(é,r,ul))]d[E(O)lT, Q!

Ay 1+ exp(—ei(0,r, ui)) do ’
after a partial integration. For simplicity we also assumed here parity invariance, that is
IT(0)| = T (0)]. The derivation of the analogue to (3.23) for the situation when parity
is broken is of course similar. Taking now the potentials at the end of the wire to be
Wi = —Mﬁ = V/2, the conductance reads in this approximation

g f . 1 dei©.r,V/2)|  dle(®) |T©O)]
2r 1+expe (0,7, 0)] dv V=0 de '

—0o0

fm G~
(3.24)

In order to evaluate these expressions further, we need to know explicitly the precise form
of the transmission matrix, i.e., the concrete form of the defect. An interesting situation
occurs when the defect is transparent or rapidity independent, thgt )| — |7*|, in
which case we can pursue the analysis further. Notingdbét) /d6 = 25(0), we obtain

qi |T|? dei (0,1, V/2)
wr 14 expe; (0, r, 0) dv V=0

lim G (r) ~ (3.25)
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The derivativede; (0, r, V/2)/dV can be obtained by solving recursively

de;(0,r,V/2 1 de; (0,r,V/2
i(0,r /)Z_C‘*‘ZNU' .1 V/2)
dv 2 7 1+expe;(0,r,V/2) dv

(3.26)

which results form a computation similar to a standard one in this context [11] leading to
the so-called constant TBA-equations. Here only the asymptotic phases of the scattering
matrix enter viaN;; = limg_, o [IN[S;; (—6)/S;; (0)11/2ri. The values o; (0, r, 0) needed

in (3.25) can be obtained for smallin the usual way from the standard constant TBA-
equations.

3.5. Free Fermion with defects

Let us exemplify the general formulae once more with the free Fermion. First of all
we note that in this case in the TBA-equations (3.18) the keppeis vanishing and the
equation is simply solved by

& (0,r, i) =rm; coshd —ru;. (3.27)

Therefore, we have explicit functions for the densities with (3.19) and (3.17)

1 . m; coshy /2
pi(0,r, u;) = Zmi cost and p; (@, r, pi)= RS p—
(3.28)
According to (3.1) the direct current reads
o0
1%, V) = % / Ao [pr 0,7, V/2|TEO)|% = p 0, r, =V /2)|TO) [
—0o0

— 0L 0,7, =V/2)|TEO)) + pf (0.1, V/2)|TEO)]7]. (3.29)

Using atomic unitsn, = e = i = m; = q; = 1, we obtain explicitly with (3.28)

9] . o 2
1/ coshp sinh(»V /2) |T*(6)] (3.30)

* ==
V) s cosh(r cosh¥) + coshrV/2)’
0

for |T*(0)| = |T*(0)| = |7~}“(9)| = |ﬁ“(9)| = |T*(0)|. Then by (3.4) the conductance
results to

G*(r)=rm

2 coshy|T*(9)|?
/d@ (3.31)
0

e
h 1+ coshrm coshy)

in this case. We have re-introduced dimensional quantities instead of atomic units to be able
to match with some standard results from the literature. The most characteristic features
can actually be captured when we carry out the massless limit as indicated in Section 2.3.2,
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which can be done even analytically. Substitutinge?, we obtain

T8RP 2 [ITEeGy/P,  fory>r,

e
lim G“(r)'v—/ =
m—0 hJo Ldcostt) b ||Tfp(y/r=0)%, fory<r.

We have identified here two distinct regions. Wherg r we can replace the left/right
transmission amplitudes by their values wtr = 0. When y > r the transmission
amplitudes enter the expression as a strongly oscillatory function in whiclplays the

role of the frequency. It is then a good approximation to replace this function by its means
value as indicated by the overbar. It is straightforward to extend the expression (3.32) to the
case when the assumption &ff in (3.30) is relaxed and to the case with different values

of y. To proceed further we need to specify the defect.

(3.32)

3.5.1. Energy insensitive defe@S (v, ) =0, DE (¥, ), DY (W, ¥), D%+ (¢, ¥)

Let us first consider the easiest example, which supports the general working of the
method. When the defect is transparent, i E%| = 1, we can compute the expression for
the conductance (3.31) directly in the large temperature limit and obtain the well known
behaviour [9]

2

i ey S
r—>0|,||r7I1‘|—>lG ) h (1 2 ) (333)

Alternatively we obtain the expression (3.33) also from Egs. (3.25) and (3.27). In the

massless limit of (3.32) we obtait?/ 1 which coincides with the result in [15]. However,

we should stress that we consider here purely massive cases and the massless limit only

serves as a benchmark. Note that a transparent defect in this context does not necessarily

mean the absence of the defect. Considering for instance the @¥fegt 1), we compute

with (2.48) and (2.49) the same conductance as if there was no defect at all. Similarly

simple are the computations for the defeP¥&(yr, v), D% (¥, ). We simply get

e2

G%r) = GP(r) = G” (r) cog B = G**(r) /(1 + 4tarf B/2) (3.34)

Since the amplitudes do not depend on the rapidities, the TBA-kernel is zero and there is
no contribution from this defect to the free energy, even unit length.

3.5.2. The energy operator defé@t (V, ) = gy

For this defect the computation of the conductance according to (3.31) is more involved.
The results of our numerical analysis of the expression (3.31) are depicted in Fig. 4.

We observe several distinct features. First of all it is naturally to be expected that when
we increase the number of defects the resistance will grow. This is confirmed, as for fixed
temperature and increasing number of defects, the conductance decreases. Second we see
several well extended plateaux. They can be reproduced with the analytical expressions
obtained in the massless limit (3.32). To be able to compare with (3.31) we re-introduce
atomic units for convenience, i.e2/h — 1/2x. For a single defect there is only one
plateaux and from (3.32) we obtain with (2.43)

Gy~ COZS; B (3.35)
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Fig. 4. Conductancé& (r) for the complex free Fermion with the energy operator defects as a function of the
inverse temperature for fixed effective coupling constamt and (a) for varying amounts of defects=0, 1, 2, 4,
(b) for ¢ = 2 for varying distances.

For B = 0.5 the value Q1226 is well reproduced in Fig. 4(a). The lower lying plateaux
correspond to the region whenk r. In that case we obtain from (3.32) together with the
expressions (2.44)—(2.47) for a double and four defects

1/ co2B \?
Gu2py~ ———— ), fory<r, 3.36
") 27r(1+sinzB) I (336)
1 cos B 2
GY10293% 4 (py ~ — , fory«r. 3.37
") 2m <CO§B — 2(1+ sir? B)2> YT (3.37)

For B = 0.5 the values @624 and 0095 are well reproduced in Fig. 4(a) fo= 2 and
¢ = 4, respectively. The plateaux extending to the ultraviolet regime result from (3.32) and
by taking in (2.44)—(2.47) the mean values

2 1+sin*B

Gal‘YZ (I') ~ —

7 (Co2(2B) — 3)2’ fory>r. (3.38)

S 1 co$ B
GUao2aaa () ~ o : :
4 Ax[cod B — 2(1+ sir? B)2)?

Also in this case the values f@ = 0.5, i.e., 0110784 and @84311 for¢ = 2 and¢ = 4,
respectively, match very well with the numerical analysis. Finally we have to explain the
reason for the increase from one to the next plateaux and why the curves are shifted
precisely in the way as indicated in Fig. 4(b) when we change the distance between the
defects. This phenomenon is attributed to resonances as we shall discuss in more detail in
the next subsection.

fory>r. (3.39)

3.5.3. Resonances versus unstable particles

In [47] we demonstrated that resonances may be described similarly as unstable
particles. The latter provide an intuitively very clear picture which explains the relatively
sharp onset of the conductance with increasing temperature. The temperature at which this
onset occurs, sa¥c can be attributed directly to the energy scale at which the unstable



472 O. Castro-Alvaredo, A. Fring / Nuclear Physics B 649 [FS] (2003) 449-490

particle is formed, since then it starts to participate in the conducting process. The Breit—
Wigner formula [48] constitutes in this case a relation for the ndidsnd the decay width

I" of an unstable particle. Supposing that in the scattering process between particles of
typei and j an unstable particle can be formed, this is reflected by a pok; @) at

6 = o —i&. Then, for large values of the resonance paramet@me may approximate

M?~1/2m;m;(1+coss)explo| and I'?~ 2m;m;(1— coss)explo|. (3.40)

Since a renormalization group flow is provided By — r M, one should observe
that the quantitied ~ r1e/2 = rpe°2/2 and I' ~ r1e°Y/2 = r¢°2/2 remain invariant.
Accordingly, this creation of the unstable particle should be reflected in the conductance
as

T2 = pe2/2, (3.41)

This means we can control the position of the onset in the conductancd land

its extension in the temperature direction By For a model which possesses unstable
particles we found indeed such a behaviour [47]. From the data of the previous subsections
we find that the conductance scales@@1, y1) = G(rz, y2) for roy1 = r1y2. Then the
comparison with (3.41) suggests that we can relate the distance between the two defects to
the resonance parameteras- 2 In(consyy). From the maxima in7 (6)| we may identify
variousc's and in fact in this case the net result can be attributed to two resonances [47].

G(r1,01) = G(rp,02) for rie

3.5.4. Multiple plateaux

Up to now, we have observed that we always obtain essentially two plateaux in the
conductance, no matter how many 2) and what type of defects we implement. The
natural question arising at this point is whether it is possible to have a set up which leads
to a more involved plateaux structure? It is clear that if we had many defects in a row
separated far enough from each other such that the relaxation time of the passing particles
is so large that they could be treated as single rather than multiple defects, then any desired
type of multiple plateau structure could be obtained. In this case the conductance is simply
the sum of the expressions one has for each defect independently. Recalling the origin of
the different plateaux, there is another slightly less obvious option. The density distribution
function p” is a peaked function of the rapidity and if the resonance%¥) would
be separated far enough, such that they are resolved bye would also get a multiple
plateaux pattern. However, tuning the distance between the defects or the coupling constant
will merely translate the position of the resonances in the rapidity variable or change their
amplitudes, respectively (see Section 2).

Therefore the last option left is to change thfes, which is possible by varying the
temperature. Choosing now a configuration as in Fig. 3 with different temperatures
andT», one can “create” a second plateau at half the height of the original one. The reason
for this is simply that the cooled half of the wire will cease to contribute to the conductance
as can be directly deduced from (3.31). We depict the results of our computations in Fig. 5.

From this it also obvious that if we only cool the fractianof the wire, the lowest
plateau will be positioned at the heightiimes the height of the upper plateau. Thus, by
combining these different configurations, i.e., different temperatures or defects, we could
produce any desired plateau structure.
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Fig. 5. Conductancé& (rp) for the complex free Fermion with the energy operator defects as a function of the
inverse temperature,, for fixed effective coupling constar® = 0.5and varying temperature ratios in the two
halves of the wire.

4. Conductance from the Kubo formula

Having computed the DC conductance by means of a TBA analysis, we want to proceed
now by introducing an alternative method for the acquisition of the same quantity, that is
the evaluation of the celebrated Kubo formi{a]

[e¢]

f dt e"w’(J(t)J(O))T’m. (4.1)

—00

The key quantity needed for the explicit computation of (4.1) is the occurrence of the
current—current correlation functiofy (r)J(0))7 . In the latter, the subscriptel’, m)
indicate that, in general, one is interested in a situation when both, the mass scale of
the particles in the quantum field theory and the temperature, are non-vanishing. This is
precisely the same regime in which we have carried out the TBA analysis in the previous
section and ultimately we want to compare the outcome of both computations. So far,
formula (4.1) still refers to a situation in which no defect is present in the theory. Later
on we will see how the Kubo formula can also be generalized in order to incorporate the
presence of defects.

As a consequence of the central role played by the two-point function of the current
operator in (4.1), we will devote an important part of this section to recall the key features
of a concrete method which will allow for the computation of such a quantity that is, the
form factor bootstrap approach [13]. To carry out this program one needs essentially as the
only input the scattering matrix and it is then in principle possible to compute form factors
associated to various local operators of the quantum field theory under investigation. Form
factors are defined as matrix elements of some local opetatoy located at the origin

. 1
0= It

3 For a model independent derivation in the context of dynamical response theory see, e.g., [4].
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between a multiparticle in-state and the vacuum,
FOWin (0,02, ..., 0,) == (0|0(0)| 2}, (00 Z},02) -+ Z] (0)- (4.2)

They can be obtained by a direct computation once a representation for the operator
involved is known or as solution to a certain set of physically motivated consistency
equations [13,14,49,50], in a similar fashion as one can determine exact scattering matrices
or transmission and reflection amplitudes {@r+ 1)-dimensional integrable systems as
discussed in Section 2.

In the zero-temperature regime, the latter fact is well-known since the original
works [13] and has lead successfully to the computation of correlation functions for
many models, albeit in most cases only approximately. It is easy to show that once the
corresponding form factors associated to two local operafoend O are known, the
computation of their two-point function is reduced to the task, still non-trivial, of evaluating
the following series

(0(7)0/(O)>T —0m
_Z Z /d91 d9n e—rm,-cosh9,-
n=1 {1---Un n'(Zn)" i:l

x EQWn 9y, o) [FO M 0y, . 0], (4.3)

with x* = (—ir, 0). The previous expression is simply obtained by introducing a sum over
a complete set of states in between the two operators involved in the correlation function
and by shifting the operata®(r) to the origin thereafter. However, as indicated by the
subscripts, this formula applies only to the zero-temperature regime. Obviously, when
setting® = O’ = J, the correlation function (4.3) is precisely the quantity entering the
Kubo formula (4.1), although fdf = 0. Itis therefore necessary to find a generalization of
the expansion (4.3) to th@ # 0)-regime. Such type of generalization was first suggested
in [51] for the Ising model. It appears, however, to be difficult to generalize this to
dynamically interacting models [52] and since by now this has not been achieved we shall
concentrate on the zero temperature regime in this paper.

4.1. Conductance through an impurity

With the help of (4.3) we could in principle compute the current—current correlation
function and therefore evaluate the Kubo formula when there are no boundaries or defects
present. With regard to the inclusion of boundaries, the first examples in which the Kubo
formula was generalized in order to accommodate that situation were provided in [18]. In
there the expression (4.1) was evaluated for the sinh-Gordon and sine-Gordon model in
them = T = 0 limit and in the presence of a boundary. This was done by replacing the
vacuum state0) with a boundary stateB) in the current—current correlation function as
follows

("I O);,, = (J()I(OB),, = (O1J()J () BIO)T m. (4.4)

The boundary stateB) := B|0) is understood as the action of a boundary operaton the
vacuum staté0) [31]. Following [31], one exchanges usually the roles of space and time,
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such that the correlation functions are radially rather than time ordered. This is the reason
why the boundary operatd can only enter at the very right or left, since one formulates
such theories in half space. In contrast to the boundary, a defect can also enter in-between
the operators. Therefore, in order to include a defect in (4.1), one has to consider terms of
the form

(J(r)J(O))T’m—>(J(r)Zo,J(0)>T,m, (J(r)J(0)Zy) (Zg T (r)J(0)) (4.5)

whereZ, represents the defect operator.
As a consequence of (4.5), the evaluation of the defect Kubo formula will require the
computation of matrix elements involving the operatdgs

T,m’ T,m’

o0
. 1 .
Ga(T)Z_J)'Lnom / dre”‘”(J(r)Zal~-~Za,,J(0))T,m. (4.6)
—0oQ

Eqg. (4.6) expresses the conductance for a situation in whigéneric defectZ,, - - - Zy,

are present in the theory and located at positigns: - -y, in space. The defect
degrees of freedom are encoded into the veetef {«1, ..., a,}, as done in previous
sections. In order to compare with the TBA results we would like, of course, to
compute the conductance in the massive, finite temperature regime. As mentioned the
evaluation of temperature dependent correlation functions is still poorly understood,
even for the simplest models. In addition, the presence of the limit in the parameter
together with the introduction of the defect operafgrin the current—current two-point
function makes the generic evaluation of (4.6) fairly involved and constitutes a problem
which in general cannot be solved analytically. This is specially cumbersome when
double defects are considered, since the expressions for the reflection and transmission
amplitudes (2.21), (2.22) are, in general, quite messy to handle. For these reasons it is
interesting to start with a more simplified situation, in which some analytical calculations
can still be performed, that is thE = O regime. One may now view (4.5) as a three-
point function and extend the expansion (4.3) to the case when three operators enter the
correlation function. This will only require the inclusion of one more set of complete states,
such that (4.5) is expanded in terms of the form factors of the three operators involved

L m!n!(zn)ner
n,m=

Vy-vm

X (Zy1y On) -+ Zy (00| Za | 20, (01) - - Z1, O))
X Fn‘ilvl"'vm (éla e, ém)*e*r Zlei coshp; .

4.7)
We will now restrict ourselves further and consider the massless version of (4.7). In this
limit, the results obtained for the conductance should agree with the UV-limit of the
conductance computed by means of (3.1), (3.31). Such a limit can be carried out by
exploiting the massless prescription suggested originally in [39] and already introduced
in the paragraph before Eq. (2.43). For the form factors in (4.7) the massless limit yields

lim FOW (9 4 1o, ...,6, +n,0) = FOR1u@, . 6,), (4.8)
o —>00

V1-Vn
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with n; = £1 andv; = R for n; = 4+ andv; = L for n; = —. Namely, in the massless limit
every massive-particle form factor is mapped intd 2Znassless form factors. Using these
expressions, performing a Wick rotation and introducing the varigbte) ;_; m;e’, we
obtain from (4.7)

doy---db,do:---db,
(J()Zad O)y_,_o= Z Zf v . Flt s (601, ... 60)

n,m=1 H1#n m'n'(Zn)"+m

vi-vm

< (ZR 0n)--- 28 (91)|Za|25;(é1)-~-Z§m(ém))
X "5 @1, ..., Op) e " E.
(4.9)
We note that for the massless prescription to work, the matrix element involving the defect
Zq can only depend on the rapidity differences, which will indeed be the case as we see

below. Performing the variable transformatién— In E’/m, — >, m; /el we re-
write the r.h.s. of (4.9) as

InE' /i,

déy1---db,_1
>y /dE / Tl

n,m=1 H1"Hn
vivm

doy---db,
x / A m ”’F,{l"” (61, ..., 0 (E"))

m!(2m)m
x (ZR (0u(ED) -+ ZF (00| Za|Z8 61 -+ 28 (O))
X Fl v @, .. O) e E (4.10)

We substitute now this correlation function into the Kubo formula, shift all rapidities as

0; — 0;+ InE'/in,, 6; — 6;+ In E'/in,, use the Lorentz invariance of the form factbrs
and carry out the integration e’

S ~ ~
o0 ”753 uzl o ) Tweer | w1yt e
v1-vm T

x <z§n <In (1 — Zn’ii/n'ineei)) SRVANCY

xF,{l'%f,l,;;“"(el,.. In(l Zml/m e )) FRlbem @, ... Om)™.

Zo|Z8 61) -+ ZF (Om))

(4.11)

4 Denoting bys the Lorentz spin of the operatd? and being a constant, the form factors satisfy

FOWL M (g1 Lo 0y + 1) = > ECIMIHn g g,
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We state various observations: Since the matrix element involving the defect only depends
on the rapidity difference, it is not affected by the shifts. The Lorentz spinl plays
a very special role in (4.11), which makes the current operator especially distinguished.
In that case the r.h.s. of (4.11) becomes independent of the frequeany the limit is
carried out trivially. Furthermore, since the final expression has to be independgni of
we deduce that the form factors have to be linearly dependent,on

One may now compute the form factors by solving either the associated consistency
equations or by using concrete realizations of the operators. For those form factors
involving the current operatof, a realization in terms of the ZF-algebra was given in [30]
for complex free Fermion type models and used to compute the corresponding matrix
elements. We will determine form factors involving the defect operator in the same fashion,
which means we require a concrete realization for the operator

4.2. Realization of the defect operator

A realization of Z, can be achieved very much in analogy to a realization of local
operators, i.e., as exponentials of bilinears in the ZF-operators [53]. For the case of
a boundary a generic model independent realization for the boundary op@ratas
originally proposed in [31] for the parity invariant case, i.B.= R. This proposal was
generalized to the defect operator in [34] with the same restriction and for self-conjugated
particles. This realization was used by the authors for the computation of various matrix
elements involving the defect operator. Our aim in this section is to extend this realization
in order to incorporate the possibility of parity breaking as well as non self-conjugated
particles. A non-trivial consistency check for the validity of our proposal will be ultimately
provided when exploiting it in the computation of the conductance, obtained before by
entirely different means, that is the TBA approach. The realization we want to propose
here is a direct generalization of the one presented in [34], namely

[e0]

Za=:exp|:% / Da(e)d9:|:, (4.12)

—0o0

where: : denotes normal ordering and the operddi®) has the form

Dy(0) =Y _[KHO)Z]0)Z] (—0) + K& (0)* Zi(—0) Zi (0)

i

+WEO)Z][O)Z10) + W) Z] (~0)Zi ()], (4.13)

with
K& (0) := RY (% —9), KX0) := E;"(%ﬂ —9), (4.14)
W) =T (% —9), W2 (0) := T;"(%T —9). (4.15)

In comparison with [34] we have used a slightly different normalization factor, since in
general we have contributions in the sum aiviér (4.13) including both particles and anti-
particles, as for the complex free Fermion we shall treat below. Following the arguments
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given in [31], the operatob, () depends on the amplitudéX0), T(0), R(0) andT (0)

with their arguments shifted according to (4.14)—(4.15), as considered also in [27,34]. The
reason for these shifts is the exchange of the roles played by the space and time coordinates
x* = (t,x) — (ix,it), which was already mentioned after (4.4). Doing this and keeping
simultaneously the product” - p,, invariant requires the rapidity shifts in (4.14)—(4.15).

In our context, this implies that we must now not only perform the shifts (4.14)—(4.15) in
our expressions, but also, with regard to the positions of the defects, the chargéy,

should be implemented. The latter replacement will play an important role since, similar as
in the TBA case, the amplitudes (4.14)—(4.15) will become in this way strongly oscillating
functions of y,. Therefore, we may be able to carry out once more certain analytical
calculations, by replacing the mentioned functions with their mean values. In (4.13) we
have already specialized to the case when the reflection and transmission amplitudes are
diagonal both with respect to the particle and defect degrees of freedom, since that will be
the situation for all the examples we want to treat in this paper.

4.3. Defect matrix elements

Having now a concrete generic realization of the defect (4.13), we can compute the
defect matrix elements. One way of doing this is to solve a set of consistency equations
which relate the lower particle matrix elements to higher particle ones, similar as in the
standard form factor program [13]. Such kind of iterative equations were proposed in [27]
for a parity invariant defect and for a real free fermionic and bosonic theory. First we note
that the operator (4.12) becomes

Zazzexp[% f do sz(e)zi(e)}:, (4.16)

in the limit R = R = 0 andT = T = 1. The defect should act in this case as the identity
operator and, according to (2.2),

(Zi(01) 2o Z}(62)) = 27 6(612)8, (4.17)

holds, simply by employing Wick’s theorem when carrying out the necessary contractions.
For two particles we find,

(Z:(61)Zi(62) Za) = 7w K& (6205 (B12), (4.18)
(ZaZ! (60 Z] (62)) = 7 K*(61)*8 (012), (4.19)
(Z:(00) Za Z}(62)) = 7 W (01)5(612)8;. (4.20)

where we recall from Section 2 the notatiép = 01 + 62 and 012 = 61 — 6. For later
convenience we have introduced the functions

K&(0) = K*(0) + Si: (—20) K (—0) = K¥(0) + $;7(20) K (—0), (4.21)
We(0) = WEO) + WE(—0)" = WE(—6) + WE(0)* = W (0)*, (4.22)

since thek’®, Eﬁ, W andﬁ/;" amplitudes defined by (4.14)—(4.15) will repeatedly appear
in the combinations (4.21), (4.22) in what follows. The latter equalities in (4.21), (4.22)
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follow simply from

W (©0) = WE(—0) = W& (i — )",
K%(0) = $;:(20)K*(—0) = S;:(20)K* (im — 6)*, (4.23)
which are in turn consequences of the crossing-hermiticity properties (2.16)—(2.17).

Having these matrix elements we can construct the ones involving more particles
recursively from

Flm= Vv (g .0y, 91 e 0))
=2 On) -+ 2,y 0D Za Z] 67 - - 2] (6))

m
=Y Suud@uw KL, (601
=2 -1
x H Suany (O1p) Ffim 2, G- 62, 01 0)
p=1
n
+ 7Y 8801 — )W, (61)
=1 -1
x 1_[ Sﬂlvp (le)Fol[Lm"'M2V1~~~\V)1~~vn B - - 62, 95_ .. Qvl/ - Qr/z)’ (4.24)
p=1
Flm-PVrvn(g, .01, 07 ---0))

n
=TT Zﬁvlﬁla(éil)Kgl(ei)*
=2 1
M2+ Vv oy /
X HSvlup(le)Fa (9m91’92919n)
p=1

m
+ 7Y 81y 807 — )W (0
=1 |-
x 1_[ Svlﬂp (le)Fétm---ﬁl'“MlVZ“'Vn (e 'él .01, gé .. 912) (4.25)
p=1

Here we denoted with the check on the rapiditieshe absence of the corresponding
particle in the matrix element. It is clear from the expressions (4.12) and (4.13) that
the only possible non-vanishing matrix elements (4.24) are those whem is even.
Taking (4.18)—(4.20) as the initial conditions for the recursive equation (4.24)—(4.25),
we can now either solve them iteratively or use (4.12) and evaluate the matrix elements
directly.

4.4. Free Fermion with defects

Similar as for the TBA we want to exemplify our general formulae with the complex
free Fermion. We consider now the particularization of the defect realization (4.13) to
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this case. Then the generators of the ZF-algehi@), Z;r(e) are just the usual creation

and annihilation operatoksg (9), aiT(@) in the free fermionic Fock space and we have to
distinguish between particlesand anti-particles. For the complex free Fermion it is
interesting to notice that the realization (4.12) resembles very much the one employed
in [30,53] for a prototype local field.

4.4.1. Defect matrix elements

Let us now use (4.12)—(4.13) in order to evaluate matrix elements involving the defect
operator. In what follows, the most relevant matrix elements are those involving four
particles, for which we compute

(ai (O1)a; (62) Zoa] (03)a] (04))
= Wik (01,02)8(012)8 (023) + kf; (01,02)8(612)8 (034), (4.26)
(ai(01)ai (62)Zo @} (03)a (0a)) = =W (61) W (62)8 (6138 (02085, (4.27)

(ai (01 ax(62)a; (03) Zga] (6))

=2 W (0a) K* (—62)[8(610)8 (B23) — 8(612)5(834)|5:7,
(ai (00 Zaa] 02)a] O3)a] (60a))

=72 W¥ (01) K (—63)*[5(623)8 (614) — (61205 (B30)]5;7,

with the abbreviations

wi(601,02) =T *WE OO W (62),  kfi(61,62) = w° K G0 KT (62)". (4.28)
One can also find solutions for altparticle form factors either from (4.24)—(4.25) or by
direct computation. For instance we compute
Emxnx g, ..y 0] -6}
minGz,m) (—1)mtn—2k pntm

= 2 (m — i)\ — k) k!

k=0

x detA? (By- - - Bon; 01 - - -0%,) ACLAP™ (Bons1 - - Bont2m 01+ - - O2m)

o0
/ dpy---dBon+om
—0Q

k
x [ | Wi (Bap) W (B2p-1)8(B2p — Bon+2p)8(B2p—1 — Bant2p-1)

p=1

n . n+m R
x [T ReBen)*8Bop+Bop- [| K¥(B2p)S(B2p +Bap-1). (4.29)
p=1+k p=1+k+n

where A (01 - - - 0p; 91 . -9,2) is a rank¢ matrix whose entries are given by

Af; =cos[(i — j)m/2]80; —0}), 1<i,j<L. (4.30)
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The matrix elements are computed similarly as in [30] and references therein. Likewise we
compute

F‘:ZXierXi(@n -0y, 9:’L~-~9,/”)

o0
(=1 n—1 noo
S e A f dpa--dpn [ ] W60
n.
% k=1
X detB" (6 -+ -01; B1- - B) ACtB" (Br- - B3 67 +-0)), (4.31)

where we introduced a new rartkmatrix B¢(61 - - - 6;; 61---6,) whose entries are now
simply given by
BL=50:—0)., 1<ij<Ct. (4.32)

Since (4.31) is simpler than (4.29) we use it to demonstrate explicitly that it satisfies the
recurrence relations (4.24) and (4.25). The other cases work the same way. Starting with the
expansion of the determinant d#t(9, - - -61; B1- - - B,) with respect to the row involving

the variabled; gives

detB" (0, ---61; B1- Bn)

=D ()" O1 - By detB" (0, -+ -02; Br-- B+ o). (4.33)
=1

Inserting then (4.33) into (4.31), we obtain
F‘;ZXI'JFWXI'(@" 01,0140

n ° -1
=6n,m’;—!ZW;"(91> / dpy---dBy---dp, (=D [ W 60

=1 k=1

x [] W@ detB" 10, ---62: 1+ fr -+ Bu)
k=I+1

x detB"(Br--- B —> 01+ Pu; 01---6)). (4.34)

Expanding now the second determinantin (4.34) with respect tidttmew, which involves
the rapidity61, and using the fact that thgs are just integration variables and therefore,
the sum ir/ gives actually: times the same contribution, we can write

ngierxi(@n -0y, 91"'9';1)

o
n noo ,
= dun ;W;" (61861 6,) f dpy---dpy-1
- —0o0

r—1 n
x (D7 [T W@ [T W@ detB™ (0,02 B1--- Bu-1)
k=1 k=p+1

x detB" Y(By- - Bu-1: 016, --0;). (4.35)
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We recognize now the matrix element with two particles less on the I.h.s. of (4.35) and can
re-write it as

F;inJrnxi By --- 61, 01 .. -9,;)

n
=7 Y ()P WEODs (01— 0))
p=1
x DX emDxig, 05,0700 --0)), (4.36)
which is in complete agreement with (4.24). The validity of (4.25) can be checked similarly.
4.4.2. Conductance in thE =m = 0 regime
Itis well-known that for a free Fermion theory (also for a single complex free Fermion)
the conformalU (1)-current—current correlation function is simply
1
(T IOy, o= = (4.37)

This expression can also be obtained by using the expansion (4.3), together with the
massless prescription outlined before (2.43) (see [52]) and the expressions for the only
non-vanishing form factors of the current operator in the complex free Fermion theory

Fy"0.6) = ~F;""(6.6) = —inme @012 (4.38)

In particular, the massless limit of the previous expressions gives, according to the massless
prescription,

Fl6,0)=—F1i"0,0) = —2rime /2, (4.39)
Fll6,6)=F]"©6,6)=Fl"@6,6)=0 (4.40)
F6,6)=F]i©0,6)=F}l"6,6)=0 (4.41)

Inserting (4.37) into (4.1) reduces the problem of finding the Fourier transform of the
function r=2 which is given byP [ dre!® r=? = —wo for w > 0, with P denoting
the principle value. This yields in the absence of a det&®0) = 1/2x, in complete
agreement with the limit (3.34).

Let us now consider a more complicated situation, that is, the evaluation of (4.6) for
T =m =0 in the presence oi defectsZ,, ---Z,, located at positionsy, - - yq, in
space. The correlation function (4.5) can now be obtained with the help of (4.3), which
has to be generalized for three-point functions. This requires the inclusion of one more
sum over a complete set of states in (4.3). Fortunately the only non-vanishing form factors
of the current are (4.39), which means the expansion (4.3) will already terminate for two
particles. Explicitly, we find

(J(Zay -+ Za, J(O))T —

d01d62d03d0s i
—Z/ 12(3 )2 LFak (61,02 FR (63.60)]

x e‘rm(eHHeeZ)(ai 000702 Zay - - Zayal (63)a] (0)), (4.42)
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In the light of the expressions (4.28), we can re-write (4.42) in a more explicit form without
the need of specifying a concrete defect yet. Inserting (4.26) and (4.39) into (4.42), we find

(TN Zay -+ Za, T O, o
~2

o0 o0
m do1 _,.~ ~ dor
:7Z|: / 76 2rmcos|"91Klf¥|R(91)/ ‘¥|R(9)
l

—00 —00

oo o0
do el do fiie%2
+ / Y / {e"z—’megzwf"’*(ez)], (4.43)
—00

—0o0

where we have exploited the crossing relations stated in (4.23). Here the functions

""R(e) K""R(e),... defined in (4.43) are the massless limits of the corresponding
funcuonsW,"‘ ), I?;"(@), ... For all the defects we will consider below, it turns out that
the first contribution to the previous correlation function is actually vanishing, so that
(4.43) is considerably simplified. In many of the examples we will treat later, this is due
to the fact that the amplitudefifl.‘"(e) are vanishing in the first place, as a consequence
of the crossing relations (4.23). This will be the case for all energy insensitive defects
for which we will present a case-by-case computation of the conductance below. The
vanishing of the reflection part in (4.43) also occurs in some cases as a consequence of
the parity of the functioﬂ'{\;" (0). For instance, we find that, for the energy operator defect
such function, although initially non-vanishing, satisfiié#(@) = —1?;”(—9), such that
lim,, o [ d6 K*(6)* =0

We can now either use (4.43) in (4.6) to compute the conductance or evaluate the
expression (4.11) directly in which the frequency limit is already taken

GO0 = 553 )3§:l/’d969 i [In—e), 6] (4.44)

There are, in addition, further generic results which can be obtained independently of
the specific defect. We present them at this stage and will confirm their validity below by
some specific examples. Specializing to the case in whighdsgfects are of the same type
and equidistantly separated, i..= yo; = - - = ya,. AS in the TBA context (3.32), we
can identify two distinct regions

w® R 01,67) = {|

where we used in addition (4.22). Supported by our explicit examples below, we find that

for y — 0in (4.45) the amplltudeW""R(e) become independent functions of the rapidity.
As we have already argued above

othR

alR | R

O W,

=Sa|R |2
W, ,

(62)*, for finite y, (4.45)

fory — 0,

(61.62) = (4.46)

The two regions specified in (4.45) are in complete agreement with the regions identified
in Eq. (3.32), since we also consider here the massless limit. When exploiting (4.45), our
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explicit examples below yield the values of the conductance as those computed from (3.32).
In the regimey — O this is very apparent, since th;ﬁ’i“'R| = const it becomes equal

to 2/T¢| and the conductance reduces just to the constant factor given by (4.45) times the
value 127 obtained when defects are not present in the theory. The vanishing of the first
contribution in (4.43) is also quite suggestive with regard to the TBA results, since the
conductance obtained in terms of thermodynamic quantities only involves the moduli of
the transmission or the reflection amplitudes, but not both simultaneously and, in the light
of the previous discussion, that seems to extend also to the form factor computation. The
coincidence in the regime for finite value pbetween the Kubo formula based on (4.45)
and the results from the Landauer formula are less obvious and we support this by some
explicit computations for several specific defects, similar as in Section 3.5.

4.4.3. Energy insensitive defec®(v, v) =0, DA (¥, v), DY (¥, ¥), D% (¢, ¥)

A simple example to start with, which at the same time provides a first test of
the working of the Kubo formula in the UV-limit is a transparent defect, i.e., purely
transmitting. As shown in Section 2.3.3, examples for this are the absence of a defect
DOy, ) = 0 as well as the defecD? (v, v) = gvyly, for which the associated
reflection and transmission amplitudes are given by (2.48) and (2.49). In this case the
observatioﬂ’(\;" (8) =0 is of course trivial and therefore only the second integral in (4.43)
is relevant. The situation in which there is no defect was already commented on in the
paragraph after Eq. (4.41). We found in that case that the Kubo formula leads to entirely
consistent results with regard to our TBA analysis, tha&%0) = 1/27 in the massless
limit. Considering now a theory with defects of the typ®?i (v, v), we find

Wiﬁl“'ﬁn (9) — ze*inB , Eiﬂl'“ﬁn (9) — 0, (447)

simply by exploiting the expressions (2.49) for a single defect and the formulae (2.23)
and (2.24). From (4.47) it follows that

wi PIRR g, 65y = 4m2 kProPIRR (g, 6y) =0, (4.48)

just, as in the case in which the defect is absent. Therefore, we recover once more the value

1
GPrbn (0) = —. (4.49)
T

for the conductance at zero mass and temperature.

The next complication arises for defects whose reflection and transmission amplitudes
are simultaneously non-vanishing, but at the same time are independent functions of
the rapidity. As we have seen in Section 3.5, those defects can be very easily handled
in the context of a TBA calculation for the conductance, since the modulus of the
transmission amplitudes is a constant, depending only on the defect cogiplihgrefore,
the conductance is simply given by the constéft|? times the value (4.49). The
vanishing of the function[?f‘(@) can be established in those cases by exploiting the
crossing properties listened above. Namely, from (2.16)—(2.17) wekfind I?l.* =—K;,
whenever the reflection amplitudes are independent of the rapidity, and the@fc&e
K; + K = 2ReK;). The latter quantity is zero for the defeal®” and D%t treated in
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Section 2.3.4, when setting = 0, since the reflection amplitudes are purely complex
guantities. Therefore, the Kubo formula computation leads to the same results as found
in Section 3.5.1, since we find

w801, 00) = ar2(1+ 4tarf(B/2)),  K*R(61,00) =0, (4.50)
2

3+|RR 5+|RR

5 )= — K=RR gy —0 4.51

i (01,02 = ——5. i (61,62) =0, (4.51)

which yields
(1+ 4tarf(B/2)) s 1

r0) = — AP/ and GO0 = — 4.52

G ( ) 2 an G ( ) 2 CO§B ( )

As expected, foB = 0 we recover once more the value (4.49).

4.4.4. The energy operator defé@@ty, v) = gy

Let us now treat the energy operator defect, the example which has been most
extensively studied in our previous sections. Considering first a theory possessing a single
defect of this type, we find

2i sinB sinhd
sinB —coshp’

4 cosB cosi o

W)= ——— > 7
P ©) cosh? + cos 2B

and K%)= (4.53)
Therefore, in this case the amplitud%[‘”(e) is non-vanishing. However, we find that
K@) = —K¥(—6). This means that the integral of this function (or its complex
conjugated) is vanishing. Consequently, only the transmission part contributes non-trivially
to (4.43). In order to evaluate (4.26) in the massless limit, we are interested in this limit

of (4.53) which enters Eq. (4.43). We obtain

wi % (61.65) = 47%cod B, (4.54)
which, together with (4.39) leads to the result
cog B cog B
(J(VZad O)y_yo=—5— = G O=—F—, (4.55)

again in agreement with the corresponding result (3.35) from the Landauer formula.

Let us now proceed to the study of the conductance in the presence of a double defect.
Again, we consider first the cage= m = 0 and two defects of the energy operator type
located at the origin and at a distangdrom the origin, respectively. Expression (4.42)
again holds for that situation with= 2. As explained in the paragraph after Eq. (2.22), the
Greek indices in the defect operator encode also the space dependence. The reflection and
transmission amplitudes are computed according to (2.21) and (2.22) with (4.53). These
functions can thereafter be substituted into Eq. (4.26) in order to determine the explicit
form of the functionw?"Z'RR andkfﬁl"‘Z'RR in (4.26) for the double defect system, which
depend now on the distangebetween the defects and their expressions become very
cumbersome. Once more, it is possible to show that the contribution to the conductance
depending orkf‘il"‘Z'RR is vanishing and therefore only the functiarjii-l"Z'RR will be of

further interest to us. However, it is relatively easy to show that in the massless limit we
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find

w22 RR (9, 0,) = 472 cod B [

ir

1+ cog2iye’™)sir B ]
1+ 2cog2myefr) si B + sin* B

[ 1+ cog2mye?2) sir? B) ] (4.56)
1+ 2cog2mye?2)sire B +sin*B |’ '
such that we obtain
w2 R R 91 60y a[1+ sin® B]
(J(V)Zalza21(0)>T=m=0 = 471.2,.2 = r2[C082(ZB) _ 3]2 ’ (4'57)
a4
Ge192(0) — 2 1+4sin"B (4.58)

7 [3—co2(2B)]?’
which precisely agrees with the corresponding result (3.38) obtained from the Landauer
formula. The overbar denotes as before the mean value of the corresponding function.

As explained above, we can also predict the precise position of the second plateau
obtained within the TBA analysis given in Eq. (3.36). This is achieved by considering
previously to the UV-limit, the limit when the distance between the defects 0. By
doing so we find

4r2cod B
lim w2 kR, ¢ = 4.59
y—0 i ©1.62) (1+sir? B)2 558
which gives
1 co¢B
im{(J(r)Zy Zo,J (O =) 4.60
y";no( (N Zoy ZayJ ( )>T=m=0 2 (1+sin2 B)2 ( )
1  coé¢B
lim G**?0)= —————, 4.61
y—0 © 2 (1~|—S|n23)2 ( )

in agreement with the value (3.36).

Finally, in order to match all the results in Section 3.5, we would like to address also
the casef = 4 in (4.6), that is, we consider now a complex free Fermion theory with
four equidistant defects of the ty@@* (v, ¥) = gy . As usual, we denote their mutual
distances by. For the first region in (4.45), that is the UV-limit, we find

(.1710(20{30t4|RR 01 05) — fl(el)fl(QZ) ’ 4.62
Wit 6162 = 560 = 1300) f2002) — F202) (4.62)

with
f1(0) = —12872cod B[2+ (6 cog2mye”) + (5— cog2B)) cog4iiye?)
+2cog6inye?)) sir? B],
f2(0) =1192 co$2B) — 348 co%4B) + 24 c0$6B)
— cog8B) + (—995— 256 sirf B cog6iiye’)),
f3(0) = 128sirf B[ (17— 12 co$2B) + cos4B)) cog 27 ye”)
— 4(—2+ cog2B)) cog4inye’) + 2 cog6inye’)].
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This expression appears somewhat messy, but when proceeding as indicated in (4.45) it
will simplify considerably. Computing the mean value of this function we find

UWW
(J (" Za1Zay Za3 Zary T (0)) —RR__ =

T=m=0" 4722
1 co$B
22 4.63
e ] LD
1 co$ B
Gz 0) = — (1 : 4.64
© 4r ( * [cod B — 2(1 4+ sir? 3)2]2) ( )

in complete agreement with the corresponding TBA value (3.39). We can also predict
the precise position of the second plateau which, according to (4.45) is expected for
the conductance. Once more we find complete agreement with the outcome of our TBA
analysis, since in this case

27 cos' B 2
lim w2%3% g, 9o) = 4.65
yoo i (61.62) (coé‘B —2(1+sin2B)2> (469
which gives
1 coé B 2
M (J () Zos Zaip Zag Zarg ) Oy o= — - . (466
y—)O( (N ZeyZaz Zas Zead Oy rz(cos“B — 2(1 +sir? B)2> (4.69)
1 coé' B 2
lim GY19293%4 () = — 4.67
y—0 © 2n (coslB —2(1 +sir? B)2> ( :

that is, the same expression as (3.37).

5. Conclusions

We have exploited the special featuregd# 1)-dimensional integrable quantum field
theories in order to compute the DC conductance in an impurity system. For this purpose
several non-perturbative techniques have been used. As the main tools we employed the
thermodynamic Bethe ansatz in a Landauer transport theory computation and the form
factor expansion in the Kubo formula.

The comparison between the Landauer forn{ld) and the Kubo formul&l.2) yields
in particular an identical plateau structure for the DC conductance in the ultraviolet limit.

We have explained to what extend integrability can be exploited in order to determine
the reflection and transmission amplitudes through a defect. Unfortunately, for the most
interesting situation in this context, namely whepR and7/T are simultaneously non-
vanishing, the Yang—Baxter-bootstrap equations narrow down the possible bulk theories
to those which possess rapidity independent scattering matrices [27,28]. By means of a
relativistic potential scattering theory we compute for several types of defecfs/tﬁe
and7/T's, thus enlarging the set of examples available at present. We confirm that for real
potentials parity is preserved, but otherwise essentially all possible combinations of parity
breaking can occur. From the knowledge of the single defect amplitudes the multiple defect
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amplitudes, which exhibit the most interesting physical behaviours, can be computed in a
standard fashion [35,36].

We newly formulate the TBA equations for a defect with simultaneously non-vanishing
reflection and transmission amplitudes. We indicate how these equations can be used to
compute various thermodynamic quantities, which are, however, most interesting only
when considered per unit length. By means of the TBA we compute the density distribution
functions and use them to evaluate the Landauer conductance formula (1.1) for various
defects in a complex free fermionic theory. We predict analytically the most prominent
features in the conductance as a function of the temperature, i.e., the plateaux.

We formulate the Kubo formula [3] for a situation in which defects are present (1.2).
We evaluate the current—current correlation functions occurring in there by means of
another non-perturbative method based on integrability, namely the bootstrap form factor
approach [13,14]. We provide closed formulae which solve explicitly the defect recursive
equations involving any arbitrary number of particles. As for the Landauer formula, we
also predict in this case the plateaux in the conductance as a function of the temperature
analytically.

There are several interesting open issues. Most challenging is to treat in full generality
the massive and temperature dependent case of (1.2). Unfortunately, the formulation of
non-perturbative methods do not yet cover that situation [52] and it remains to be clarified
how the form factor bootstrap program for the computation of two-point functions can be
extended to that case. It would be further interesting to compute thermodynamic quantities
per unit length by means of the TBA formulated in Section 3. To classify possible defects
more systematically is desirable even for free theories.

As already mentioned, one can realidet+ 1)-dimensional systems in quantum wires
experimentally and measure the conductance [10]. When applying the method of Section 3
to a massless model, it was shown for instance in [16] that one may achieve a qualitatively
good agreement between such theoretical predictions and the experimental results in the
absence of defects. In our massive case, which should be closer to reality, Fig. 4 allows
a similar comparison. Since a wide class of defects has been studied, we hope that
comparison with experimental results might show that certain concrete types of impurities
are quite accurately represented by some of our defect systems, in particular in what
concerns a conductance measurement. A further experimentally feasible setup is to couple
the defects to a laser field. In [54] it was shown that harmonics can be generated this way.
In this context one may use the laser in addition as an optical switch.
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