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1 Introduction

This set of somewhat informally written notes is a greatly extended version of the material I presented
at two lectures during the Capri Spring School 2009. The goal of these lectures was to present some
ideas and techniques used to describe and study quantum impurities in metallic environments out of

equilibrium.

The phrase quantum impurities refer to the fact that we are studying objects that are very small
(essentially can be thought of as zero-dimensional) and very different from the environment in which
they are. In practice, they can be actual impurities in a conducting environment, like the magnetic
impurities that lead to the Kondo effect, an increase of resistivity with decreasing temperature at low
temperatures. However, for our purpose, it will be more appropriate to think of quantum impurities
as quantum dots, small islands of conducting material connected to metallic sheets by thin barriers
through which electrons can tunnel!. Quantum dots are “mesoscopic” objects, between microscopic and
macroscopic. This means that taken “on their own” (with infinite tunnelling barriers), one finds that the
separations between the energy levels are much larger than the separation between energy levels in the
metallic environments (that is, quantum dots are small enough objects); yet, a large quantity of electrons
may be contained in a quantum dot so that there are very many energy levels (that is, quantum dots
are large enough). Although we will keep the picture of the quantum dot in mind, we will stay open
with the precise interpretation of our quantum impurity. We will simply consider it as a quantum system
with discrete energy levels, connected to metallic sheets in a way that allow the sheets to gain or loose

electrons.

On the other hand, the phrase out of equilibrium above refers to the fact that the situation we are
considering is not described by the usual density matrix of equilibrium quantum statistical mechanics,
for instance in the macro-canonical ensemble p = e~ (H+1N)/T (where H is the quantum Hamiltonian,
N the number operator, u the chemical potential and 7" the temperature). This definition of being out
of equilibrium is not very restrictive, and does not provide very much insight into what is fundamentally
different from situations at equilibrium. A more precise and physical definition is that a situation is out
of equilibrium if there is production of entropy. This points to the fact that what we have in mind is
a system and an environment, the latter absorbing the entropy produced, and that there are processes
describing the action of the environment on the system, and vice versa. Out of equilibrium, as we will

see, the consideration of these processes is crucial.

One of the interesting aspects of quantum impurities out of equilibrium is that the effects of quantum

mechanics occur at a similar scale as those having to do with being out of equilibrium: we need to describe

1The system is made by plating, on a non-conducting substrate, conducting material in a configuration that reproduces
the dot, the metallic sheets, and the small conducting connections between them. These small connections are made into
barriers by applying gate voltages, that can be adjusted in order to adjust the tunnelling strengths.



the out-of-equilibrium situation using quantum mechanical states and observables. In other words, we
expect that the processes describing the interaction between the system and the environment are quantum
in nature. There is a way of theoretically describing an environment connected to a quantum system,
developed by Caldeira and Leggett [1]. The basic idea is simply to connect the quantum system to a
family of quantum oscillators of all possible frequencies; this should be able to absorb and provide energy
as necessary in order to keep the temperature fixed, for instance. This family of quantum oscillators can

be understood to represent a conformal field theory model [2].

In the cases in which we are interested, there are two separate semi-infinite (that is, very large
compared to the size of the quantum dot) metallic sheets connected to the quantum dot, and these two
sheets are kept at a fixed difference of potential. In this way, a constant electric current flows from one
sheet to another through the quantum dot, thanks to tunnelling. This setup has the property of being
out of equilibrium, because there is a constant electric current flowing (so that, for instance, the power
generated is IV where [ is the current and V is the potential difference, and the entropy generated is
IV/T, by purely thermodynamic thinking). Yet, this is a simple enough situation, because the current
is constant. The system is then said to be in a steady state, which we may define generally as a situation
where the change, with time, of extensive quantities is constant, while intensive quantities are themselves
constant in time. This, of course, includes situations at equilibrium, where everything is constant, but
it also includes the situation we are looking at, a steady state out of equilibrium. For instance, in our
case, the number of particles in any given metallic sheet changes in a constant way, with a rate of change

proportional to the current.

2 Impurity models: the dynamics

We will now be more precise about the quantum systems of interest. In general, in order to describe a
quantum system, we need to provide a set of observables, including the Hamiltonian, and their algebra (in
the usual canonical quantisation, this algebra is induced from the Poisson brackets of classical mechanics).
Then, the Hilbert space is a representation space where the Hamiltonian is bounded from below. Although
this sounds like a somewhat formal approach, it will be useful to remember as we go along, because
subtleties will arise in the discussion of the Hilbert space. Here, we will be describing the dynamics in
a very general way, stating what the observables are, including the Hamiltonian, and some properties
of the algebra they satisfy. We will not keep this level of generality throughout, as we will eventually
specialise mainly to the interacting resonant level model.

First, recall that we consider the impurity to be essentially a zero-dimensional object; at low energies,
or large distances, this is a good approximation. On the other hand, the metallic sheets are represented,
through Landau’s Fermi liquid theory, by two sets of free Fermions with dispersion relations characteristic
of the conducting bands. In order to be precise, suppose these metallic sheets have the shape of large
half-disks, with the impurity at the center of the corresponding full disk. Then, the wave functions
associated to a free Fermionic mode in any half-disk can be obtained from the wave functions on the
full disk by collapsing on a sector of fixed parity with respect to inversion about the axis defining the
half-disks. This means that these wave functions may be separated into radial and angular parts (the
angular part contains the boundary conditions on the flat piece of the bounary of the half-disk). In the
usual way in quantum mechanics, the corresponding radial part of the Hamiltonian can be brought to

the form of a Hamiltonian for a one-dimensional free Fermion on a line segment, whose length is the



radius of the half-disk. One end-point of the line segment, say the one that is to the right, is where the
impurity lies. The other end-point, the left one, is the part of the boundary of the half-disk far from the
impurity. If the “average” energy we are looking at is in the conducting band, and if we are only looking
at low-energy processes, then we may linearise the one-dimensional dispersion relation about that average
energy. Hence, we obtain free massless relativistic Fermions on a line segment, with a “velocity of light”
equal to the Fermi velocity (we will just set it to 1, by appropriate choice of units). Naturally, these
Fermions can be decomposed into a chiral and an anti-chiral parts: the former travelling “to the right”
(towards the impurity), the latter “to the left” (away from the impurity). The boundary conditions at
the end-points (for now, without considering the effect of the interaction with the impurity) correspond
to pure reflections. This means that we can in fact “open up” the line segment into a line segment twice
the length, with Fermions everywhere travelling to the right and the impurity in the middle, say at = = 0.
We have two of these opened-up line segments of right-moving Fermions, for the two metallic sheets.

Keeping everything general, the Fermions may have spin and other internal degrees of freedom, and we

will denote them by vectors of Fermionic fields ¥4 (z), ¥s(x), with non-zero anti-commutation relations
{¥;(2), ¥}, (a')} = 18;:6(x — ') (2.1)

(here, 1 is in the space of internal degrees of freedom). These are the observables corresponding to the

electrons in the metallic sheets. The Hamiltonian representing their dynamics is

L
H, = —1/_L dv > xp;(x)%xpj(x) (2.2)

j=1,2

where L is the radius of the half-disks. In particular, we find

(e (0] = 7

U(x). (2.3)

It may seem as though the precise shape of the metallic sheets matter in order to obtain the exact
form of this Hamiltonian. However, we will be interested at the end in taking the limit L — oo (in an
appropriate way), and their precise shape far from the impurity does not affect this limit. In order to
assess the effect of the impurity, we only need the structure of the wave functions around the impurity,
and this is correctly described by this Hamiltonian. But, it is convenient to have a finite radius initially,
in order to clarify the limit process. Another viewpoint is that, independently from the derivation above,
we would like to have a description of thermal and particle baths, from which we will correctly describe
the situation out of equilibrium. The conformal Hamiltonian H,. has the potential of providing such a
description in accordance with the Caldeira-Leggett model; this will depend on the particular interaction
with the impurity. It will be good to keep this in mind: the metallic sheets not only constitute part of
our quantum system, but can also play the role of baths (which are essential to the establishment of a

steady state out of equilibrium).

On the other hand, the impurity has its own set of observables. We will consider a set of independent
Fermionic observables d,, and their Hermitian conjugate df, (where the index o parametrises the elements
of this set), and a set of independent bosonic observables Dy (where the index § parametrises the elements
of this different set), which we take Hermitian for simplicity: D; = Dg. The impurity Hamiltonian is
in the linear space of bosonic observables, and will be denoted H;. Of course, one can be more precise,
and represent d, and Dg by matrices on a finite-dimensional vector space, for instance. We will give

examples below.



The interaction between the impurity and the Fermionic fields that we will be looking at has in
general two distinct components. One is that of tunnelling: electrons can be absorbed or given back by
the impurity. These have to do with the observables d,. For each «, we may form a coupling vector Ty,
representing the tunnelling strength (with possible phase shifts), so that the corresponding interaction
terms are »_ (\I/;(O)Tada +dLTle(O)). For simplicity, we will assume the dot to be completely
symmetric with respect to inversion of the metallic sheets, so that there is no j dependence on the
tunnelling strength. Note that the interaction involves the Fermionic fields at x = 0, where the impurity

lies.

Another component of interaction is that of co-tunnelling: electrons may change type (internal de-
gree of freedom) and metallic sheet, but are neither absorbed nor given back by the impurity. This
represents processes where the electrons are energetically forbidden to jump on or off the impurity, so
that two tunnelling events have to occur. Such processes have to do with the bosonic obversables Dg.
The processes can involve both sheets at the same time, or just one sheet. Hence, for each (3, we
form three square coupling matrices of co-tunnelling strengths, Uéo) and U éi), corresponding to same-
sheet co-tunnelling and cross-sheet co-tunnelling. The corresponding interaction terms are of the form
D Bk \I!;[(O)Uéj_k)\Ilk(O)Dg with (Ug))Jr = Ué_z). Note part of the terms of this interaction where j = &

can as well be understood as a repulsion (or attraction) term of the Hamiltonian as an energy observable.

Hence, the interaction Hamiltonian is

=y (@}(O)Tada + dLT;\pj(O)) +3 w0 Uy M (0)D; (2.4)
ik

J

where here and below summations over repeated impurity indices (o and ) are implied.

Hence, the total Hamiltonian is
H=H.+H;+1 (2.5)

and we will denote the part without impurity interaction by

Hy = H, + H;. (2.6)

Two models of high current interest in this subject are just particular cases of this general model.
We will be mainly interested in the interacting resonant-level model (IRLM). It is obtained by taking
single-component vectors (that is, spin-less Fermions) which we will denote ¥; = ;. We have also a

single fermionic observable d; = d (and its Hermitian conjugate) with
{d,d'} =1, {d,d}={d",d'}=0 (2.7)

representing creation and annihilation of an electron on the impurity, and one bosonic observable D; =
d'd, representing the number of electrons on the impurity (which can only be 0 or 1). Note that these
fermionic and bosonic observables indeed form a closed algebra. The impurity Hamiltonian is simply
H; = ed'd, the one-component single tunnelling vector is 77 =t (not to be confused with the time!) and

the co-tunnelling 1x1 matrices are Ul(o) = U and Ul(i) = 0. Hence, the Hamiltonian is

L
d
Hippy =Y. [—i / Ldmﬁj(w)@w(x)+tw}<0>d+t*dwj<0>+U¢}<0>wj<0>d*d +ed'd. (28)
j=1,2 -

Another model of interest included in this general setup is the Kondo model. In this model, the

Fermions have spin 1/2 but no other internal degrees of freedom (hence the Fermion vectors have two



components). There is no direct tunnelling, but there are co-tunnelling terms. The three bosonic ob-
servables form the angular-momentum algebra, [Sy, Ss] = i€qpySy, meaning that we have a magnetic
impurity. The associated co-tunnelling matrices are proportional to the Pauli matrices o, for the spin-
1/2 representation in which the Fermions are, U(go) = goo, and U,gi) = g104. The impurity Hamiltonian

represents a local magnetic field at the impurity site, H; = hyS,. Hence, the Hamiltonian is

L
d
: i t
H i ondo —1321 ] /_L dx U} (2) . Ui(x) + j 321 2g|j_k‘\Ilj (0)00P%(0)Se + haSa. (2.9)

These two models illustrate well the dual nature of the Hamiltonian: as the observable of energy, and
as the generator of the dynamics. For instance, in the IRLM, the U-term (as it is often called) has the
meaning of a Coulomb repulsion, being proportional to the product of the number operator of electrons
on the metallic sheets at the impurity site, and the number operator of electrons on the impurity. This
is certainly an energy term, and does not come a priori from the intuition of a co-tunnelling dynamical
process. On the other hand, the same-sheet co-tunnelling term of the Kondo model can be seen as an
energy term, a magnetic interaction as we would have in the case of a magnetic impurity in a conducting
material, but the cross-sheet is more naturally a dynamical term, a co-tunnelling process whereby the
spin of a metallic electron is flipped. The latter interpretation is in fact the reason why this term appears

in the context of quantum dots.

Finally, it is worth mentioning that in fact, although the algebras of metallic observables (Fermion
fields, their derivatives, and H.) and of impurity observables that we talked about above are indeed
closed, the adjunction of the full, interacting Hamiltonian as an observable in general will impose the
adjunction of more observables, and may modify part of the algebra through the renormalisation process.

3 Quantum quench: constructing the steady state in real time

3.1 The large-time limit

Now that we have described the dynamics of the system we are looking at, we need to understand how to
setup a steady state out of equilibrium in this dynamics. The basic idea that we first develop is that of a
real-time construction, where we represent at the theoretical level, in an idealised way, the operations one
would do in the laboratory in order to generate a steady state where a constant current flows. This idea
goes back to Schwinger and Keldysh (and many others), and we will refer to it as the Schwinger-Keldysh
formulation. In fact, often one understands by this the Keldysh method, which is a particular way of
doing perturbation theory via diagrams, generalising Feynman’s diagrams. But, as was emphasized in
[3], it is not necessary to, and sometimes fruitful not to, talk about diagrams or perturbation theory with
respect to some free model. We are rather interested here in the general aspects of the method, and in
particular its physical meaning; its actual implementation may then be done via Keldysh diagrams or via
other devices.

The Schwinger-Keldysh formulation starts with a system where there is no interaction between the
impurity and the metallic sheets. Here, then, the set of observables we introduced above forms a closed
algebra, and we may choose an appropriate representation. This system is then put in contact with a
common thermal and particle bath and we wait for thermalisation. But in order to have the possibility



of a steady state, the two metallic sheets are set at different chemical potentials (we keep the same
temperature everywhere). This is like connecting two glasses of water through a straw full of water, but
putting these two glasses at different heights (different gravitational potential). The water levels will
eventually equalise, so that one glass will be more full than the other. In terms of our quantum system,
this means that the sheets will be described, after thermalisation, by the density matrix

Pe = e~ (He—piNi—p2Na)/T (3.1)

where .
N; = / do W (2)0;(x) (3.2)

—-L
are the number operators on both sheets, and where p; are the chemical potentials. Note that we have

NG, Wi(@)] = =610 Un(e), [N, Uh(2)] = b;0 T (2). (3.3)

As for the impurity, if there are fermionic creation and annihilation operators diw do, we can always

adjoin (if it is not there already) a number operator N; amongst the bosonic observables, with

[Niydo] = —du, [Ny, dl]=dl, [N;,Ds]=0. (3.4)

iy Uy
In particular, this number operator commutes with the impurity Hamiltonian, which just means that on
its own, the impurity does not gain or loose electrons,

[H;,N;] = 0. (3.5)

We will assume the impurity to be set at the average chemical potential, so that it is described by the
density matrix

pi = e~ (Him #1552 No) /T (3.6)

The full initial density matrix is then

00 = pepi = e~ (Ho—VQ—pN)/T (3.7)

where N — N N
QZITQ’ N =N+ Na+Ni, V=~ po, u:%’

In particular, the quantity V is the difference of chemical potentials, essentially the voltage applied, and

(3.8)

will be responsible for the generation of a current; we will take V' > 0 (so that the current should flow
from sheet 1 to sheet 2). The average of an observable O is evaluated using
_ Tr(poO)

(O)o = T (po) (3.9)

The next step in the physical picture of the Schwinger-Keldysh formulation is to simply disconnect
the common thermal and particle bath. This does not change anything in the density matrix, since we
already have a statistical distribution of quantum states, but it allows us to consider this as a statistical
distribution of initial states, that we may then evolve with some unitary evolution operator as is usual
in quantum mechanics.

This is just what we do in the third step: we turn on the interaction between the impurity and the
metallic sheets, and let the system evolve unitarily. The evolution is described by the full Hamiltonian H,



including the interaction term I. This is an operation that is nowadays called a quantum quench (here,
a local quantum quench). Performing a quantum quench means that we start with a ground state or a
natural, equilibrium density matrix associated to a certain Hamiltonian, and evolve this state or density
matrix with a different Hamiltonian, obtained from the initial one by varying one or many parameters.
In particular, it should be that the initial density matrix is not an equilibrium one with respect to the
evolution Hamiltonian. In the present case, we only modify the Hamiltonian around the point = 0,
so it is a local quench. Since both @) and N are local conserved charges with respect to the dynamics
Hy, the density matrix pg is indeed an equilibrium density matrix with respect to this dynamics. On the
other hand, H does not commute with Hy — V@ (but note that it commutes with uN). The evolved
density matrix is

p(t) = et pyelflt (3.10)
(with i =1). Note that since N commutes with Hy — V' Q as well as with H, it will only produce a factor
e"N/T independently of time. This will not affect any of the physical quantities we will be looking at, so

for simplicity, we will set (slighlty formally) N = 0 throughout.

The hope is then that the limit where ¢ is very large should give rise to a steady state. Physically,
this means that we wait for a long time, until the system settles to something that looks steady — where,
for instance, the average of the current flowing from sheet 1 to sheet 2 is constant. The current operator

is easy to obtain:

J = 7% — “i[H,Q] = —i[[,Q] = Im (dLT;xpl(O) — AL T, (0) + 2\1/;(0)U;+>\111(0)Da) . (3.11)

Hence, we hope that, in a certain sense,

exists.” (3.12)

Let us now address three questions associated to this hope.

3.2 Does the limit exist? (relaxation processes)

Standard arguments of quantum mechanics tell us that in general, the unitary evolution of a quantum
system should display the phenomenon of quantum recurrence: the system will eventually come back
very close to its initial condition, at some later time. Hence, it is impossible that the large-time limit
give rise to something steady, unless it was constant in the first place! The solution to this problem lies
in the way in which we take the large-time limit. Indeed, in order to avoid recurrence, we need in fact to
take the limit where the system length L is very large before that where the time ¢ is very large. More
precisely, we should be looking into the region L > t > T~! [3]. In this limit, the baths of electrons
that the metallic sheets are may provide the relaxation necessary in order to obtain something that looks
steady. This is in fact not immediate, because it depends on the type of interaction between the metallic
sheets and the impurity, I. In general, we would expect that if the interaction is such that all states of
the impurity may be reached by emitting or absorbing electrons, through hopping (or tunnelling) terms,
then indeed the Caldeira-Leggett theory should work (as it is rather like the linear coupling used in the
initial Caldeira-Leggett model, modelling absorption and emission of phonons or photons). This is the
case, for instance, of the interacting resonant-level model; we will see later clear signs of the presence of
relaxation in this model. However, if only co-tunnelling terms are present, then relaxation may in general

not occur.



In the case of the Kondo model, which only contains co-tunnelling terms, it was shown in [3] that
relaxation does occur when the impurity magnetic field h, is zero. That is, it was shown that to all
orders of perturbation theory in the co-tunnelling strengths, the integrals have finite limit L > ¢ > T~
The idea of the proof is as follows. Consider the average of the current operator 7, for instance. Using
interaction picture, it can be written

() = <7>eXp [_1 /t ’ dt’I(t’)] J Pexp {—i /O t dt'z(t')Do (3.13)

where (-)(t) is evaluated using p(t) and (-)o using pg. Here P exp is the path-ordered exponential, where
the ordering is from the lower limit on the left to the upper limit on the right. The interaction-picture

interaction Hamiltonian I(t) is simply

](t) = e_iHOtIeiHUt = Z g|j,k‘\lf;(t)0‘a\llk(t)sa (314)

Jik=1,2
where the Fermion fields are now at the position z = ¢ (we used the fact that they are right-moving).

Now, we may as well write the denominator on the right-hand side of (3.13) as

<7>exp [—i/to dt’I(t’)} P exp {—i/ot dt’I(t’)]>0 =1

But in general, expressions like

Tr (73 exp [f;lll dx Al(z)] O Pexp [f;f dx Az(x)])
Tr (73 exp Uf} dx Al(x)} P exp [f;;é dx Az(ﬂ?)])

(3.15)

when expanded in powers of A; and A,, lead to path-ordered integrals of connected correlation functions.
The connection is between O and all operators A (z) and As(xz). We will not recall here the technical
definition of connected correlation functions (see, for instance, [3]), but only their fundamental property.
If the unconnected correlation functions (i.e. simply the averages of products of the fields involved)
factorise when any group of A (z)’s or As(x)’s are positionned far from where O lies, then the connected
correlation functions wanish in that limit — connected correlation functions are just linear combinations
where the factorised forms are substracted. Hence, the proof that the large-time limit of (J)(¢) exists
lies on the proof that correlation functions of the type (A1(z1)As(x2) -+ An(zy))o factorise when some
group 1,22, -, Tmy, LTmps Tmp+1s - - - » Lo, Of positions are very far from the rest, where A,,(x) is of the
type Jm,a(2)Sy = ‘If; (2)oq Pk (x)S, for some j, k that may depend on m (this includes the operators in
I(t) which are at « = t, as well as those in J, which are at = 0). We only need to take the positions of
consecutive left-most (up to my,) and consecutive right-most (from mpg) operators, because we have left-

and right- time orderings in (J)(t).

Such a correlation function may be written as a sum of products of two factors, one being the CFT

correlation function of Fermion fields, the other the trace over the impurity space of the product of S,’s:

<J1,o¢1 (xl)J2,D£2 (xQ) te Jn,an ((En)>C'FT'I‘r (Sal Sag e San) .

The CFT correlation function factorises in the limit by local QFT principles. It is here that we use
L > t, so that we may use infinite-volume correlation functions, and ¢ > T~!, so that we may use
the finite-temperature form of these, which reach their asymptotic values exponentially fast. The non-

trivial part is the impurity average. But since the CFT correlation functions factorise, and the CFT is



SU(2) invariant (simultaneous spin SU(2) transformation on both metallic sheets), this means that in
the limit, we may make independent SU(2) transformations on the two factorised groups of fields. This
translates into independent O(3) transformations of the indices a1, .. .. Since this is dotted into the trace
of impurity spin matrices, this means that in the limit, we can make independent SU(2) transformations
of two corresponding groups of spin matrices. Using cyclicity of the trace, we then obtain, for the trace
over spin matrices,

- Sp, Sy o S,

a‘lnR ' (J‘/’VY]L

(U U0 Sy ia Semr (U)7),

where U and U’ are independent SU(2) transformations. But for the spin-1/2 representation, we can
always write Sq,, . *** Sa,,, = al+bS;+cSy+dS. for some numbers a, b, ¢, d; that is, the identity matrix
and the matrices corresponding to all the algebra elements span the whole space of 2 by 2 matrices. We

can do similarly for S, *Sapm 1 for numbers o', 0, ¢/, d’. Since

e
Tr((al + bS, + ¢Sy +dS,)(a'1 + 'S, + S, +d'S,)] = 2(aa’ + bb' + e’ + dd')

and since U and U’ correspond to independent O(3) transformations of the vectors b, ¢,d and V', ¢/, d’, we
can make these vectors orthogonal, so that we are left with aa’, which is indeed the product of the traces
of the individual groups of impurity spin matrices. This completes the proof of factorisation, hence of

existence of the large-time limit in the Kondo model.

It is worth noting that it is physically natural to associate the large-time factorisation of correlation
functions to the presence of appropriate relaxation processes. Indeed, relaxation corresponds essentially
to information loss at large times, and indicates that quantum observations made at large time intervals
should not affect each other.

If the impurity magnetic field is non-zero, then the impurity part of the Hamiltonian does not possesses
the SU(2) invariance that we need to provide the proof of factorisation. In his case, in fact, the large-time
limit of the perturbative integrals does not exist. However, it is still possible to provide an expression for
the current, for instance, from the Schwinger-Keldysh formulation [4], using a clever trick. We will not
go into the details of this, but we just mention that the result has somewhat strange features, as it does
not have a well-defined small-coupling limit (it has the form of a ratio between two perturbative series
starting at non-zero order). It is not clear, to our opinion, if this result is physically correct, as it is not
clear if there is, in a certain non-perturbative sense, relaxation in this model. In general, as we will see
below and as was emphasized in [3], it seems likely that the presence of relaxation is necessary not only
to reach the steady state out of equilibrium, but also to maintain it. A non-trivial check would be to

verify, using the methods of [4], that the current-current correlation function factorises at large time.

Recapitulating, we argued that if the impurity interaction exchanges particles with the metallic sheets
in such a way that all states of the impurity can be reached, like in the IRLM, then relaxation should
occur; and we saw that with only co-tunnelling terms, if there is a symmetry that allows us to reach
all states of the impurity, like in the Kondo model without magnetic field, then relaxation also occurs.
Interestingly, we will see below that these facts allow us, in these two models respectively, to complete
the definition of the density matrix out of equilibrium in the space of scattering states.
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3.3 What is the result of the limit? (reaching the equilibrium density matrix)

Now that we have understood in which sense the limit may exist, and that we have seen quite explicitly
that the limit does exist in the case of the Kondo model without impurity magnetic field, we should ask
what the result of the limiting process exactly is. Let us look again at the average of the current, and

write it in the form
<7? exp [ ft+1/T dt' I )} P exp {—ifto dt’](t')} j>0

(IH(t) = <P exp {_IIHI/T dt! Iv(t/)} P exp {—ifto dt’I(t')] >0

(3.16)

where we have used cyclicity of the trace and moved py = e~ (Ho=V@)/T through one of the path-ordered
integrals (and we have done the same in the denominator for later convenience). This has produced an

imaginary shift of time, up to factors introduced by the potential term:

Iy(@) = 3 (/MW (@) Tada (@) + /T dl (@)W (@)) + 3 eV U0/ T0 @)UF ™ Wi (@) D()
J gk
(3.17)
where 1 = V/2 and uy = —V/2. Here, we use the notation

do(z) = e Hizg etHiw gt (p) = e7Hizgl iz Dy(z) = e Him Dyeitliv, (3.18)

Note that in the particular case of the Kondo model without impurity magnetic field that we discussed

above, we had H; = 0, so that there was no need for this extra notation.

For V = 0, we clearly have Iy (x) = I(z). Then, if the limit L >t > T~! exists, we may change the
upper limit of the first path-ordered integral ¢ +i/T to ¢, which just cancels the lower limit of the second
path-ordered integral, giving

_ <73 exp {—ifi(/)T dt’ I(t')} j> Tr (e~ H/T7)
. V=0 B
L>>1t1>1§1T—1<j>(t) a <7> exp {—ifi(}T dt/I(t’)DOO O Tr (e=H/T)

(3.19)

This is the usual thermal density matrix: we have just shown that if the metallic sheets play the réle of
thermal baths, a la Caldeira-Leggett, then the large-time limit of the Schwinger-Keldysh formulation in
the equilibrium situation correctly reproduces the expected thermal density matrix. That is, if there is
relaxation in the model, then the state of the system relaxes to the correct thermal density matrix. Note
that it was necessary to shift ¢ +i/T to t in the denominator as well, in order to keep the correlation
functions connected (so that the large-time limit exists). Note also that the density matrix we reach
depends strongly on the initial density matrix we used. This is essentially because it is this initial density
matrix that determines the state of the bath giving rise to relaxation, and the bath itself is represented
by just a set of non-interacting oscillators; in order to indeed have a physical thermal bath, we need a
thermal distribution from the start (there are no processes that would allow the bath itself to relax to
a thermal distribution). Finally, note that this local quantum quench situation is very different from
that of global quantum quenches: the quench does not change the system in a macroscopic way, just
locally, so that the energy of the initial configuration is not “macroscopically” far from that of the final
configuration (hence, indeed the initial thermal distribution may give rise to a final thermal distribution

with the same temparature).

In the case where V' # 0, then because Iy (z) # I(x), there is no cancellation possible, and no

immediate simple form of the density matrix (we will come back in subsection 4.2 to the expression of
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the density matrix we obtain in this way; this leads to interesting expressions for physical quantities like
the current response functions and noise). But, if the large-time limit exists, then there is relaxation;
why, then, would the system not relax to the ground state, for instance, when the temperature is zero?
What is happening is that here, we in fact have a global quantum quench, with both a local change at
the impurity site introducing the impurity interaction with the metallic sheets, and a global change on
the sheets themselves, putting the difference of potential to zero. Then, the averages of the operator

—H/T (differ by an amount that scales like L

Q, for instance, with the initial density matrix, and with e
when L is large, whereas the average of the derivative of the operator @), the current, is a quantity that
is finite at all times in the large-L limit because it is localised at the impurity site. Hence, we certainly
cannot expect to reach e~/ in the limit L > ¢t > T~'. That is, in a zero-temperature language, the
initial state is far from the ground state of H, and the approach towards the ground state of H, which
indeed occurs thanks to relaxation, is too slow (see [3] for some more details). At finite temperature, we
do not expect to have a thermal distribution. But, if the limit exists, the result in the equilibrium case
V = 0 suggests that the metallic sheets are correct thermal baths, so that for V' # 0 the system should
reproduce the correct physics of a driven impurity in a steady state out of equilibrium, in contact with

an external thermal bath at a fixed, well-defined temperature.

There are a number of subtle differences between the cases at and out of equilibrum (besides the
obvious difference that V is zero or not!). First, in the equilibrium case, if the model didn’t have
appropriate relaxation processes a priori, we may well have started with a more complicated model
including more physical interactions so that relaxation mechanisms are present, and the large-time limit

exists. This large-time limit is then described by the density matrix e~ /7

, in which we may, then,
neglect these additional interactions if the physics we are interested in does not involve them. On the
other hand, out of equilibrium, this cannot be done: if the model does not contain the proper relaxation
mechanisms, then the large-time limit simply does not exist, and the Schwinger-Keldysh formulation does
not provide an answer for the steady-state average. The interpretation is simply that in order to actually
maintain the steady state out of equilibrium in a real-time formulation, we need relaxation mechanisms at
all times, because energy and entropy need to be absorbed steadily. This is in contrast to the equilibrium

case, where once the equilibrium density matrix is obtained, we may forget about how it was obtained.

The second point is that the result in the equilibrium case also holds at zero temperature, whereas that
out of equilibrium may well not hold. Indeed, at equilibrium, we only need the connected correlation
functions to vanish at large times, so that we may shift the contours and get the equilibrium density
matrix; the zero-temperature, power-law vanishing of CFT correlation functions is enough. Out of
equilibrium, we need the integrals themselves to exist, forward and backward contours do not cancel, so
that the exponential vanishing provided by the temperature may be necessary. Again, this points to the

fundamental role played by the thermal baths in the case out of equilibrium.

Finally, the usual approach to the real-time formulation is not that of a quantum quench, but rather
of adiabatically turning on the interaction. This can be implemented, for instance, by a factor of the
type e”(*=%) in front of the impurity interaction, where ¢, is the final time, so that we have an explicitly
time-dependent Hamiltonian. With the shift ¢ — ¢ + ¢y so that the starting time is —t( instead of 0, and
the final time is 0, it is clear then that all large-time integrals exist in the interaction picture for any
v > 0. That is, here we do not have to worry about having proper relaxation mechanisms; they are in a
sense implemened by the presence of v. But the adiabatic process is actually obtained when we take the

limit ¥ — 0T, so that the interaction is turned on very slowly. Hence, we have to worry again about the
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existence of a limit. We expect that in fact, out of equilibrium, if there are no relaxation processes, then
the limit v — 0 at ¢y = oo is not convergent (this is what seems to happen in the Kondo model with
an impurity magnetic field). Hence, the adiabatic process is in fact of no help. In order to understand
what is happening, consider the following arguments, in the equilibrium case. In quantum mechanics,
we know that adiabatically turning on the interaction guarantees that, for instance, the ground states
are mapped to one another. However, there is a “ghost” of the phenomenon of quantum recurrence that
plays a fundamental role for this to happen. In the cases where no relaxation mechanisms are present, we
would need to keep L finite before taking the limit v — 0T. Technically, with L infinite, the part that we
wish to cancel in making the shift t+i/T +— ¢t would instead give integrals of the type sin(v/T) ffoo e’t dt,
which do not vanish as v — 07 (but give some spurious finite values). With L finite, oscillatory terms
will appear in these integrals, sin(v/T) [ _Ooo e+t gt and guarantee that they vanish as v — 0. Then
indeed, at equilibrium, we would get the density matrix e~ /T for finite L, in which we may then take
the limit L > T~!. That is, we do not need to explicitly have relaxation mechanisms in the model, an
adiabatic change of the Hamiltonian implements the correct physics, but this works by doing the adiabatic
process at finite L. But, out of equilibrium, we certainly need to take L large in the first place, otherwise
the steady state cannot be reached. Then, the adiabatic process is of no help, relaxation mechanisms are
essential. Physically, this is again the same principle: relaxation mechanisms not only allow us to reach

the steady state, but also to maintain it.

3.4 The limit of what objects are we looking at? (irreversibility)

Although we have talked about the meaning and existence of the large-time limit, and what result it may
give, we have not been very precise about the objects of which we take the large-time limit. This is quite
important, and point to one more deep physical property of the construction. Basically, in order for the
large-time limit to exist, we needed factorisation of correlation functions, but this can occur only if the
operator of which we evaluate the average is finitely supported in space. For instance, the current operator
J or the impurity number operator N; are supported at the impurity site z = 0, which is just one point,
so are finitely supported. Operators like \Il;r(x)\llj(x) for any fixed x are supported at x, again just one
point. The operator ffe dx \I/;r(x)\llj(x) is supported on the interval [—¢, £], so is also finitely supported
for any finite £. If the factorisation property needs a symmetry, like the SU(2) symmetry of the Kondo
model, then the operator should also be invariant under that symmetry. In all these examples, we expect
that the factorisation property will hold if relexation mechanisms are present. (A more formal definition
of a finitely supported operator is one that commutes with the Hamilonian density h(z) for any x large

enough.)

Hence, only for finitely supported operators do we expect the steady-state average to exist. Their
main property is of being non-extensive: loosely speaking, a change of L does not affect them. Extensive
quantities in general do not have a well-defined steady state average out of equilibrium, because their
averages may be subject to a constant flow. In our impurity models, the time variations of extensive
quantities that are conserved by Hy, are finitely supported operators (supported at = 0), so that these

time variations have well-defined averages (so that we are indeed describing steady states).

The restriction on the set of operators of which we may take steady-state averages answers the question
of irreversibility in the unitary, quantum quench formulation. Clearly, using the unitary evolution operator

et the state we reach after time ¢ can be used to get back the initial state simply by the backward
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unitary evolution. But a steady state is not affected by that unitary evolution, since it is steady; hence
it has, in a sense, lost the information of the initial state. This loss of information is essentially the loss
of the extensive observables in the set of observables of which we may take steady-state averages. The
finitely supported operators constitute just enough observables to fully describe the steady state, but not
to describe the full time evolution that led to it. Note that in the equilibrium case, if we use the adiabatic
formulation, there is no need to restrict the set of operators, since we consider finite L. However, in
this case, the time evolution reaching the equilibrium state is generated by a different operator, with an

explicit time dependence, so that there is clearly no interpretation problem.

4 The density matrix out of equilibrium

The real-time formulation described above contains too much information if we are just interested in
steady states: it tells us about the full time evolution, from the initial density matrix e~ (Ho=V@)/T tq
the steady state itself. Can we describe only the steady state, using something similar to the equilibrium
density matrix e=#/T? The first suggestion that this can be done is found in Hershfield’s proposition of
a density matrix out of equilibrium [5], through a so-called Y operator. Here, we will put the accent on
the use of scattering states in order to describe this density matrix, as suggested by Hershfield [5]. We
will first show how to derive the Y operator, and the density matrix out of equilibrium, from the real
time formulation described above, based on the fundamental properties proposed in [6]. For this purpose,
we will introduce and describe scattering states through the Lippman-Schwinger equation. We will also
provide an expression for Y directly related to the real-time formulation, following [5] and [3]. We will
show how it can be useful by deriving from it interesting expressions for the current response function and
the current noise (reproducing results of Fujii [7] for the latter), that can be used more conveniently in the
scattering-state formulation. Then, we will give more explanations about the Y operator by considering a
“free” (from the viewpoint of operator algebra) model, the resonant level model (RLM). We will construct
the Y operator explicitly, describe with more precision, for the first time, its property of non-locality that
was predicted in [3] (this is, we believe, at the basis of the out-of-equilibrium aspect of the density
matrix — the initial explanation of Hershfield [5] is not entirely enough), and give some explanations as to
how to obtain efficiently a full operator construction in the interacting case (perturbation theory for the
density matrix out of equilibrium was considered by Han [8], but we will present a different approach,
based on constructing observables, which we believe is simpler). We will also provide some clarifications
about the “resolution of the impurity” that is needed in the scattering-state formulation, a concept that
was emphasized in [6], showing that there are strong consistency constraints. Finally, following [6], we
will explain how to use equations of motion in order to obtain various results, including the all-order
perturbative expansions, in the scattering-state formulation for a large family of steady-state averages,

focusing on the interacting resonant-level model.

4.1 The scattering-state definition of the Y operator

We first wish to derive the scattering-state formulation of steady states out of equilibrium from the real-
time formulation of the previous section. Although the resulting scattering-state formulation is quite
simple, its careful derivation from the real-time formulation is quite non-trivial. We will be presenting

mostly general arguments, but we will specialise to the interacting resonant-level model and to the Kondo
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model for clarifying some more technical parts.

4.1.1 General conditions on the density matrix out of equilibrium

In quantum mechanics, a usual scattering state is obtained from the large-time evolution of the large-
volume limit of a (unnormalised) state that represents a density of particles present only in a flat “asymp-
totic” region of the potential (the “incoming” region). That is, it is obtained by taking the limit L > ¢ > a
where a is some length scale characterising the initial state. This limit has to be taken in an appropriate
way, and the important notion is that we wish to probe only the resulting state in finite regions near to
where the potential is not flat. The result is, in general, not the large-volume limit of a finite-volume
eigenstate of the Hamiltonian, because, for instance, in the outgoing region of the potential, the state only
contains outgoing particles (there is no wave corresponding to the other direction of probability current).
In general, starting with any finite-volume state and taking the limit L > t > a, we expect to obtain a
linear combination of such scattering states. This will involve scattering states obtained from incoming
particles in all possible directions (so that the resulting state will not, in general, have a clear outgoing
region with only one probability current direction). The space of scattering states is not exactly a Hilbert
space, as its basis forms a continuum and is not normalisable on L?. Yet, it is of much use, and from

scattering states physical quantities can be evaluated (like the reflection and transmission coefficients).

In the present case of impurity models, we start with a statistical distribution of finite-volume states
given by the density matrix e~ (Ho=VQ)/T and, as we saw above, we need to take the limit L > ¢ > T~}
with the time evolution obtained from the interacting Hamiltonian H, and probe the result of the limit in
finite regions around x = 0. Hence, it is natural to expect that the result of the limit can be described in
the space spanned by scattering eigenstates of H. What we need to assess is the various resulting statistical
weights of these scattering states, recalling that these states will be in general linear combinations of states
both with incoming particles on metallic sheets 1 and 2 (hence without clear outgoing metallic sheet).
One may worry about the possible presence of bound states when there is interaction with the impurity.
However, the initial density matrix describes scattering states of the model without impurity interaction,
and when the impurity interaction is added, all such scattering states are mapped to the scattering region
of the interacting spectrum (by the Lippman-Schwinger equation) — if there are bound states, they do

not contribute to the statistical distribution.

Hence there should exist a Hermitian operator pyg acting on the space of scattering states such that

all steady-state averages of finitely supported operators are reproduced by formal traces:

lim  (O)(t) = (O)np = 2oNE D)

4.1
L>t>T-1 Tr (pNE) (41)

If we had an N-dimensional Hilbert space for finite N, there would be N? linearly independent operators
O, so that we would have N? conditions, which should be just enough to fully fix the N by N matrix
pnE — indeed pyp should exist and be unique. Of course, the Hilbert space is infinite-dimensional, so
this counting argument fails, and in principle we would still need to prove its existence and uniqueness.
However, we will show in this subsection that assuming its existence, it can be uniquely fixed, in a way
that allows us to evaluate steady-state averages. We will then discuss in the next subsection its existence

when making more explicit the connection to the real-time formulation.

We start by describing two properties of the steady-state trace (i.e. of pyg), based on the existence

of the large-time limit. The first is the steady-state condition. In general, for any finitely supported
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operator O, the “time-differentiated” operator [H, O] is also finitely supported. This means that the
large-time limit of the average of [H, O] exists, so should be described by pyg. Since this is proportional
to the time derivative of the average of O, whose large-time limit also exists, the average ((H,O|)ng
must be zero. Hence, if pyg is fixed by knowing the averages of all finitely supported operators, it must
be that

[H,pnE] = 0. (4.2)

This is the very natural steady-state condition. In fact, by similar arguments, it is also true that pyg
should commute with any local conserved charge, operators that commute with H and whose action on

any finitely supported operator gives a finitely supported operator.

The second condition is slightly more subtle, and is based on chirality: that ¥;(x) are right-movers.
Let us consider an operator

O(z1,m2,...,2n) = ‘I';L'l,al (xl)‘l';;,@ (2) Vi 1 an 1 (@n-1)Y5, 0. (Tn) (4.3)

that is a product of Fermion operators on the metallic sheets j;, of particle numbers +1, of internal
indices a;, and at positions z;. The important point is that we will consider all the positions to be
“on the left”, z; < 0, that is, in a region that corresponds to right-moving particles that have not yet
interacted with the impurity. Let us look at the time-evolved average of such an operator, which we write

in the interaction picture as in (3.13), but now in the form

(O(1, 72, .., 2n))(t) = <7>exp [—i/to d’ [J(t’),.]} O(m1,x2,...,xn)> (4.4)

0

where [I(t'), -] should be understood as acting on O(z1,xa, ..., z,) by generating commutators (it is the
adjoint representation of I(¢') on the space of operators). Since I(t') is made up of impurity operators
and Fermion operators at positions x = t' > 0, it commutes with O(z1, za,...,z,) for any 7 < 0,29 <

0,...,z, <0, so that in general we obtain the strong statement that

21<0,22<0,...,x, <0 (

(O(z1,22, ..., xn))(t) O(x1,22,...,2n))

for any ¢t > 0. That is, we find the second condition,

x1<0,9c2<:0,.4.,xn<0 <O(

(O(x1,22,...,20))NE T1,T2,. .., %n))0- (4.5)

It turns out that in general, conditions (4.2) and (4.5) are essentially enough to fully fix the operator
pnE- The first condition tells us that py g can be diagonalised simultaneously with H, so that we only
need to describe the eigenvalues of pyp on a basis of scattering eigenstates of H. The second condition
tells us what these eigenvalues are. We will present here arguments that rely on a scattering state
construction. This will also allow us to fully define pyr as an operator on the space of scattering states.
These two conditions were first written and used in [6].

First, though, we start by recasting the problem into the language of the Y operator. Let us write

pNE in the form

pNE — e*(H*VY)/T (46)
for some Hermitian operator Y. This can always be done, but in general the operator ¥ may depend on
V and T. Condition (4.2) immediately implies that
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so that we may diagonalise simultaneously H and Y. In order to use condition (4.5), we may look at both
sides as analytic functions of x1,zs,..., 2, in the region R(z1) < 0,.... On the right-hand side, with
the density matrix pg, there is a quasi-periodicity property under x; — x; +i/T that can be obtained by
using cyclicity of the trace as well as the canonical commutation relations (2.1). This relies on evaluating
e(HO’VQ)/T\I/j (x)e~(Ho=V@)/T Condition (4.5) implies that there is the same quasi-periodicity property
on the left-hand side. This occurs if and only if H — VY has the same commutation relations, with
Fermion operators, as Hy — V Q. But we know that [H, ¥;(x)] = [Ho, ¥;(x)] for any = < 0, so that we
must impose

o) = @) = e @ <o) (1)

where we recall that j = 1,2. Hence, we have recast conditions (4.2) and (4.5) into (4.7) and (4.8)
respectively. These latter strongly suggest that Y is indeed independent of V' and T'. In fact, the quasi-
periodicity property, along with analytic conditions coming mainly from the canonical commutation
relations, and some asymptotic conditions, are enough to fully determine the averages. Hence, this also
strongly suggests that Y defined through (4.7) and (4.8) is unique, possibly up to conserved impurity
operators. In order to complete its description, we need to construct (at least formally) scattering

eigenstates of H and deduce the eigenvalues of Y on these states, which we now proceed to do.

4.1.2 Scattering states and Lippman-Schwinger equation

The construction of scattering eigenstates of H in general is of course quite involved, but we will only
need here some of the main principles. Our first step is the construction of scattering eigenstates for the
uninteracting Hamiltonian Hy. We will consider here the “bare” construction, whereby the “bare ground
state” is empty, and must be filled in in order to construct a Fermi sea corresponding to the true ground
state. We will discuss Hilbert spaces at more length in the last two subsections, but for now this will be
sufficient. The bare construction is simply that of a Fock space F over the algebra of real-space Fermion
operators (2.1), tensored into a representation space Z of the impurity degrees of freedom, S = F ® 7.
The space F is constructed from a vacuum |0) defined by ¥;(z)|0) = 0, and then by acting on it with
\I/;r(x), creating particles at positions x. Scattering eigenstates of Hy are simply of the form

(w2)--- WS, (2n)|0) @ d) (4.9)

Ji,a1 J2,a2 JnsQn

/dmldmg dxy, elP1T1F1p2z2t. +ipnzn i (scl)\IJT

where [i) is an eigenstate of H;. These states have energies p; +pa + ...+ p, + €; by the linear dispersion

relation, where e; is the energy of the state |7).

A basis of scattering eigenstates of H can then be constructed using the Lippman-Schwinger formu-
lation. This tells us that if |v)g is an eigenstate of Hy with some energy FE,, then there is a unique state
|v) that satisfies

1
= _ ] 4.1
) = loho + 5— o7 110 (4.10)
and this state is an eigenstate of H = Hy + I also with energy FE,. The latter assertion is easy to check
formally:
1
(H — Ey)|v) = (Ho — Ey)lv) + I|v) = (Hy — Ev)mIM + Ilv) = 0.

The uniqueness is just by inverting the linear operator, assuming it can be inverted (equivalently, by a

recursive construction if this converges). The subtlety is that we need +i0% in the denominator in the
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second term on the right-hand side of (4.10); we chose +i0", which corresponds to so-called in states.
The need for £i07 is in order to have a well-defined inverse operator (E, — Hy)~!, and more explicitly

our choice leads to .
jv) = [v)o — i / dt &P Ho T ), (4.11)
0

Hence, we have a map giving us an eigenstate of H for any eigenstate of Hy.

With this space of scattering states, we may now analyse the states |v). An important characteristic

is its associated bare wave function,
(il © (019}, a, (21) W5y .05 (€2) -+ W5, 0, (@) 0).

The knowledge of the full bare wave function obviously fixes |v) uniquely. Moreover, if |i) is chosen to be
an eigenstate |}, of H; that has the least number of particles, i.e. that is annihilated by all operators
d,, present in the tunneling term of I (if there is such a term), then it is clear that |i),,, ® |0) is also
an eigenstate of H with energy e; (we will refer to states generated from it by applications of \I/j(x) as
minimal-particle states). Hence, using that [H,¥;(z)] = [Ho, ¥;(z)] for any < 0, we find that the
associated minimal bare wave function must satisfy, for negative positions, the eigenvalue equation of Hy
with energy E, — ¢;. Since the states |v)g form a basis of solutions for this equation, we may write in

general, for 1 < 0,29 <0,...,z, <0,

in (1] © O,y ()W (22) - W @)0) = i (1 © Oy 0y (@)W (22) -+ W, ()]0

(4.12)
for some state |0)g eigenstate of Hy with energy F,. Two important statements from the scattering
state theory are: 1) that the state |U)o can be chosen to be the state |v)¢ used to construct |v) from the
Lippman-Schwinger equation, and 2) that the knowledge of the minimal bare wave function for negative
positions is enough to fix the state |v) in the space of scattering eigenstate of H. Similar statements hold

for positive positions, with a different |0)o identified with an out state instead of an in state.

In order to explain the first statement, consider the left-hand side of (4.12) using (4.11) to replace
|v). The first term on the right-hand side of (4.11) gives indeed the bare wave function of the associated
states |v)g. On the other hand, the second term is zero for x; < 0,29 < 0,...,2, < 0. This is because
the impurity interaction I preserves the number of particles, and in fact guarantees that I|v) will have
a particle at * = 0 (on the metallic sheets or at the impurity). For the co-tunnelling term, this is
the case because of the presence of two Fermion operators. The tunnelling term, on the other hand,
may be destroying a particle on the sheets, but will then create a particle on the impurity, so that the
resulting state cannot be of minimum particle number on the impurity. Likewise, if it destroys a particle
on the impurity, it must create one on the metallic sheets at z = 0. Since the operator el (Bv—Ho+i0%)t
may only displace particles on the sheets towards the right for ¢ > 0, the result has no overlap with
min (] @ (O1¥;, 0y (1)¥j, a0 (x2) - ¥}, a, (zn). Hence, only the first term of (4.11) contributes, which
shows that we may choose |0)g = |v)p; more precisely, that all components of |0)¢ that are minimal-
particle eigenstates are equal to those of |v)g. Note that once we know the z;-dependence of the wave
function of |v)g for negative positions, we also know it for positive positions, because it is just obtained

by analytic continuation.

The second statement above is slighly more subtle in general. There are simple cases where all states
|i) are minimal particle states; for instance, the Kondo model, where no particle on the impurity is ever

created or destroyed, since the impurity is just a spin degree of freedom. In these cases, the derivation
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above shows that we know |v)¢ uniquely from the minimal bare wave function at negative positions,
hence that we can indeed deduce |v) from this using the Lippman-Schwinger equation. In other cases,
the situation is more complicated, because the minimal bare wave function does not tell us about the
overlap of |0)p with non-minimal-particle states. That is, we do not have enough information to fix
|v)o just from the minimal bare wave function, so it seems that we do not have enough information to
fix |v). However, the map from eigenstates of Hy to eigenstates of H given by the Lippman-Schwinger
equation (4.10) in general is not expected to be invertible: different uninteracting eigenstates |v)o may
give rise to the same interacting eigenstate |v). More precisely, we expect that all states |v)o with the
same minimal-particle components lead to the same vector |v). Then, it is indeed sufficient to know the
minimal-particle components of |v)q in order to know |v); in other words, the minimal bare wave function
of |v) fixes |v). What is happening is that there is hybridisation: the particles on the impurity get mixed
up with those on the metallic sheets in one state, so that there is no good quantum number that would
correspond to all states of the impurity with all particle numbers. The only good impurity quantum
number is the one parametrising the minimal-particle states (the other quantum numbers for |v) are the

momenta pi,pa, ..., P, and the particle types).

In order to see how this can happen, let us consider the IRLM for simplicity (see the Hamiltonian
(2.8)). What we want to show is that if we consider a state |v)o (eigenstate of Hy) that has no minimal-
particle component at all, then the resulting state |v) is zero. By linearity of the Lippman-Schwinger

equation, this will indeed guarantee that only the minimal-particle component of |v)y determines |v).

In the case of the IRLM, there are only two impurity states, filled and empty. Let us denote the
component of |v) that has a filled/empty impurity state by |v)/*¢. The Lippman-Schwinger equation can

be written, using the fact that |v)o has no empty component,

1
e _ i f
|v) tE_ EU_H0+iO+wJ(0)dlv>
J
1 1
Fo= ———Iy) +t*Y ————dl;(0)|v)°
|v) |”>0+EU—HO+10+ ulv)’ + E B Ho1i0" $;(0)[v)

where Iy =U 3~ @[J; (0)1;(0). We may easily simplify this into one equation for [v)/. We have to evaluate

t)? Zd% m L)) = it Z / da 5 (0)e! Pt o0y (0) )/
— 71|t| Z/ dz (0 wT( ) i(Eyte— Ho+10+)a:|v>f
7,3’

1 €— ]+ .
- Wy J A e R e

In the last line, we used the resolution of the impurity

% (07) +4;(0%)

5 (4.13)

¥;(0) =

where 0% are understood as limits from the right /left towards the point 0 (so that the integral over x of
the delta-function arising from anti-commuting ;(0) and w;,(x) only gets the 0T part). This is of course
a natural choice, and we will show later that this is the only valid choice (we will discuss more about
the resolution of the impurity later). Essentially, it says that in fact, we should think of ;(0) as being
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[ dx p(x);(x) with a density p(x) strongly peaked at x = 0, with total weight 1 equally distributed on
both sides of x = 0. Using the notation

A=Y [ ol @y o)eiBrre oo
5 al 0
)

what we found is that )

f = _—
i =loho + g or

(Iv + A —i[t]?) |v)/. (4.14)

The term #ﬁiww)f makes the matrix element 0(1}|EU$OHOJr (I + A —1i|t|*) |[v)o be of order 1/0T
(more precisely, we would need to take two different states o(v’| and |v)o, and integrate on a small region
over the momenta of ((v'|); indeed, we have Hy|v)g = E,|v)o, whereas the terms with Iy and with A just
have finite matrix elements. But, if a matrix has one element that is infinite, the inverse matrix has both
the row and the column corresponding to this element equal to 0 (because the determinant is infinite,
whereas the minors of elements on the row and on the column corresponding to the infinite element are
finite). Since we must evaluate
1 -1
1 Iy +A—iltP Yo,
e (A=) oo
the result is a zero vector. Hence, the solution is |v)f = 0. But since |v)¢ is a finite linear operator
applied on |v)/, it must also be zero, so that we have |v) = 0. Although our last considerations were
expressed in the language of matrices, they hold here as well, where we should be thinking about solving

linear integral equations.

Hence, we have shown that hybridisation occurs in the IRLM. The derivation makes it clear that it
occurs thanks to the tunnelling terms, that allow particles to be absorbed and emitted from the impurity.
We will see in the subsection 4.3 what consequence this has on the representation of the algebra of
observables in the RLM, and in subsection 4.4 that this is associated to a construction of the set of
scattering states as an embedding in F ® Z. But the important point for us now is that this indeed

guarantees that the minimal bare wave function fixes the state |v).

4.1.3 The general definition of Y on scattering states

Finally, we may now use (4.12) (with |0)g = |v)¢), along with (4.8), in order to provide a definition of Y.

If |v)o has Q-eigenvalue ¢,, we may evaluate the bare wave function of the following commutator:

min (8] @ (O|[Y, Wi a1 (#1) Vs a0 (2) -+ V5, a,, (@)]V)
x1<0,22<0,...,x,<0 .
= — Qv min(i] © (01¥}, a, (21) W)y 05 (€2) -+ W}, 0, (@) [0)o- (4.15)
The states |0) ® |i)min are eigenstates of H and of the number of particle operator N (the latter with
eigenvalue 0). Since such states are the only ones with N = 0 and since Y commutes with both H and

N we may assume that these states are also eigenstates of Y. Let us denote their Y eigenvalue by a;.
Then, we find

min (i| ® <0|\Ijj1,a1 (Il)qjja,ag (w2) -+ Usan (zn) Yv)
1<0,22<0,...,2,<0 .
’ =t (qu + @i) min(i| ® <0|\I/j1,a1 (xl)qjjz,az (w2) -+ ¥ an (zn)|v)o- (4.16)
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In the IRLM, there is only one minimal-particle impurity eigenstate, so we may well shift Y in order to
set a; = 0. In the Kondo model without impurity magnetic field, there is an SU(2) symmetry, which also
preserves Y. Since this symmetry mixes the spin of the impurity with those of the metallic Fermions,
we must also have both a; (spin up and spin down) equal to each other, so that we can again shift Y to
make them zero. Hence, using the fact that the minimal bare wave function fixes the state, in these two

cases we have
Yv) = gulv) if QJv)o = gu|v)o. (4.17)

This is expected to hold in general as well. This completely fixes the Y operator on the space of asymptotic
eigenstates of H: given |v)o that is eigenstate of both Hy and @, with eigenvalues E,, and g, respectively,
we may construct the unique |v) that is eigenstate of H through the Lippman-Schwinger equation, and
we know that Y acts on it diagonally with eigenvalue ¢,. This, then, also completely fixes pyg through
(4.6). Note that the Y operator is independent of V' and T.

Recapitulating, we have found that there is a unique density matrix operator out of equilibrium (if it
indeed exists), that can be defined by conditions (4.2) and (4.5). It can equivalently be defined through
the Y operator by (4.6), where the Y operator is in general partially defined by the conditions (4.7) and
(4.8) (to complete the definition, we need to say that it commutes with other internal symmetries), or
completely defined by (4.17).

We note that we made use of hybridisation for the IRLM, and SU(2) symmmetry for the Kondo
model without magnetic field, in order to complete the definition of Y from its basic properties. It is
interesting that it is these two concepts that lead, in the Schwinger-Keldysh formulation, to the fact that
there is relaxation, so that a steady state can be established at large times. Indeed, the SU(2) symmetry
of the Kondo modal was used in order to prove the existence of the large-time limit; and hybridisation
in the IRLM is simply related to the fact that the impurity can change its state by exchanging particles
with the metallic sheets, a Caldeira-Leggett-like intraction. It would be interesting to understand further

the relation between the real-time construction and the definition of the Y operator in this light.

An immediate question that arises, looking at (4.6), is: since the density matrix has the exponential
form familiar to the equilibrium situation, why isn’t it describing a system at equilibtium? Recall that
in a system that has a conserved charge @) representing a certain quantity (number of particle, etc.), if
this quantity is exchanged with an environement, the equilibrium will be described by putting a term
1Q/T in the exponential in the density matrix, for some associated “chemical potential” p. However, an
important aspect in this situation is that the conserved charge should be strictly extensive: the quantity
represented should have a local density, and @ should be the sum over all space of that density (@ is then
said to be a local conserved charge). This is what happens for the total energy, the number of particles,
the volume, etc. In the case of (4.6), the Y operator is indeed a conserved quantity, but it is not strictly
extensive. As we will see below in the case of a free impurity model, it does not have a local density; it is
in fact a non-local conserved charge. It is this non-locality that is at the root of the fact that py g indeed

describes a situation that is out of equilibrium.

Another question that may occur concerning the scattering state formulation is that of evaluating
physical quantities. We have seen that the current J is a local operator (supported at = 0), but there
are other physical quantities that may be of interest, in particular quantities that involve explicitly a
time evolution. In the scattering-state formulation, all meaningful physical questions must be translated
into averages of finitely supported operators (or a slight extension of this, as we will see below), and in
principle it is always possible to do so. The steady-state average of the integral fot dt J (t) of the current

21



evolved over a finite period of time can be obtained, for instance, by using the interaction picture and the
fact that the time evolution with Hy of Fermion operators corresponds to displacements in space. If the
period of time ¢ is finite, then these displacement will also be finite, so that we will indeed have a finitely
supported operator. The interaction picture, however, does provide a nice expression for fot dt J(t) as a
finitely supported operator. A more tricky, and more interesting, question is that of the current noise or
of the zero-frequency response function, which in principle involves an integral over an infinite period of

time. This is discussed in the next subsection.

Finally, although we defined the Y operator properly on the space of asymptotic eigenstates of H, in
practice we do not need to use this definition. We will show below that the conditions (4.2) and (4.5)
are in fact enough to evaluate averages out of equilibrium perturbatively, and that the conditions (4.7)
and (4.8) are enough to construct the Y operator in the resonant level model and to develop an operator

perturbation theory.

4.2 Connection to the real-time formulation, current noise and current re-

sponse functions

In the previous subsection, we have shown how to define a density matrix out of equilibrium in the space
of scattering states of H. It has a form very similar to an equilibrium density matrix, but the Y operator
associated to voltage V is quite special, and had to be defined in a somewhat involved way. Here we will
see how to obtain an expression for Y directly from the real-time formulation. This was in fact written in
the initial paper by Hershfield [5], but a more careful analysis for the Kondo model was performed for the
first time in [3], including the proof of the existence of the large-time limit (the presence of appropriate
relaxation mechanisms), as we mentionned above, and the sligthly different proof of the existence of the

Y operator itself and of its réle in the density matrix.

Let us consider a finitely-supported operator O, and its time-evolved average from the density matrix

Ho/T VQ/T

po = e~ (Ho=VQ)/T yia the dynamics given by H. We may write pg = e~ , and similarly to

what we obtained in (3.16), we may write
<77 exp [ le/T dt’' I ] P exp [71 ft dt' I t’)} eVYW/T (9>
<73 exp [ ft+l/T dt' I( t’)} P exp [—ij; dt’](t’)} eVY (/T >

(0)(t) = 0 (4.18)

0
where we defined

Y(t) = Pexp [—i/ot dt’I(t’)] Q P exp [—i/to dt’[(t’)} = e Qi (4.19)

(in the last equality, we used the fact that [Ho,Q] = 0). That is, instead of using Hy — V@ for the
interaction picture, we only used Hy, so that we generated I(t') everywhere instead of having some
factors with Iy, (¢').

Let us consider instead the quantity
<7’eXP [—1[“*‘” ' I (t’)} P exp [—ifto dt’I(t’)} VY (t2)/T @>0
<7) exp [_1 ft1+1/T t/](t/)} P exp { 1‘/; dt' I(t } eVY(t2)/T >

(4.20)

0
For t; = t2 = t, this is the same as (O)(t), but otherwise it is just a different quantity. However, as it

was argued in [3], for the Kondo model without impurity magnetic field where we know how to prove
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that the limit lim;_,.(O)(t) exists (see subsection 3.2), we may take the limit ¢; — oo of the quantity
(4.20) first, which exists by the same arguments, and then ts — oco. The result is the same as that of
lim; 0o (O)(t). This is an important fact, because with ¢; — oo first, we can shift the corresponding ¢’

contour and we obtain
<e—H/T eVY (t2)/T O>o

L>>}s1§1T*1<O>(t) - mgl%l*l (e=H/T VY (t2)/T >0 (4.21)
Hence, we see, from (4.1) and (4.6), that we may define
Y = lim Y(t) = lim e *H!Qe!t (4.22)

t—oo t—o0

where the limit is really to be understood in the sense of (4.21). That is, Y is nothing else than the

evolution backward in time of @ for an infinite time.

This makes good sense with respect to the result (4.17) concerning the action of ¥ on asymptotic
states. Indeed, naively, the backward evolution of a state |v) gives lim; . e!#¢|v) = |v)g (as it should
be for an in state), the action of @ on this gives the eivenvalue ¢,, and the forward evolution gives back
limy o e~ tv)g = |v). However, these are naive arguments as they are presented; a better analysis of

the limits taken would be required, but the derivation of the previous subsection circumvented this.

Another form of Y, directly derived from (4.22), is obtained as follows. Consider the operator Y (¢)
from (4.19). We have that Y (0) = @, and that dY (¢t)/dt = J(—t), hence we can write, using (4.22),

Y =Q+ /O dt J(t) (4.23)

—00
(which was first written in [3]). As was pointed out by Fujii [7], this provides a connection between the

Schwinger-Keldysh formalism and the formalism of MacLennan-Zubarev [9, 10].

Although not of practical use by itself as a definition for the density matrix out of equilibrium,
the expression (4.23) gives rise to interesting results. Let us consider first the (zero-frequency) current

response function associated to any other (finitely supported) observable O:
0
Ro =i / dt{[T(1),0)Ng, JTt) =Tt ge (4.24)
—o0
That is, this measures the total average quantum mechanical response of the observable O upon past

current measurements. It is possible to obtain a simple expression for this. Indeed, expression (4.23)

leads to the following expression:

1/0 dt[7(t),0] =iy — Q, 0. (4.25)

— 00

From the fact that Y commutes with the density matrix py g, we immediately find the expression

Ro =1([0,Q])NE- (4.26)

The operator [0, Q)] is now a local operator. For instance, with O = J, so that we are looking at the

current-current response function, we have

i[7,Q] = Re (;dLqufl(O) + %dLTg%(O) + QWQ(O)U;H%(O)DQ) ) (4.27)

As usual, there are subtleties in this derivation concerning the large-time limits. In particular, the

validity of (4.23) as an operator relation, that can be inserted inside averages, must be established.
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However, we know that we may put powers of the Y operator inside averages of finitely supported
operators; we only need to take derivatives with respect to V' (we expect averages to be differentiable in
V for all V' > 0). More precisely,

d

T
dV<

O)ne = (YO)Nve — (Y)NE(O)NE = (OY)NE — (Y)NE(O)NE- (4.28)

Hence, if we are evaluating an average where both terms in @ and in f?oo dt J(t) exist, then we may
write Y as (4.23). Then, the proper way of deriving (4.26) is as follows. Let us define the zero-average
observable

00 =0—-{(O)NE (4.29)

and let us consider (Y0O) g which exists because it is equal to d(O)yg/dV. Since
1 oo
Q=3 [ dr@l@ne) - t@vw) (4.30)
is an integral of a local observable (the difference of local Fermion densities), we have that

(QOO)NE  exists (4.31)

by factorisation of correlation functions of local (or finitely supported) observables at large distances.
Also, if there is relaxation (the condition for the Y operator to exist in the first place), then we also have
that

0
/ dt (T (t)0O)ng  exists (4.32)
by large-time factorisation due to relaxation. Hence we can indeed write
0
(YoO)nE = (Q0O0)NE + / dt (T ()60 NE. (4.33)

We can do similarly for Y on the other side of 600, (0OY)nyg. Taking the difference between these two
quantities, and using the fact that Y commutes with the density matrix, we indeed find (4.26), since in

the commutators we may replace O « §O.

In impurity systems, another quantity that is of experimental interest is the current noise. It is
defined essentially by the quantum average of the anti-commutator of current operators at different

times, integrated over time (substracted by the large-time limit for convergence),

0
B2 [t ((T@.TNve~ 2k (4.34)

— 00

More generally, as we did above, we may consider the correlator of the past current with a finitely

supported observable O:
0
Bo =2 / dt ({T (), 5OV n i- (4.35)

We wish to transform this into an average of operators at time 0, so that the expression may be more useful
in the scattering-state formulation. Equation (4.23) along with the considerations above immediately lead

to .
Bo = 2({Y - Q.60})we = AT (O)wp ~2 [ dz ({An(a),50))x (4.36)
where
An(r) = 5 (W] ()W (x) —~ V()W (a)). (4.37)
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In particular, this gives, for the current noise,

d

B=4T—
dv

o0
(T)we 2 / dz ({An(z),67})ne (4.38)
—o00
which expresses the noise in terms of the differential conductance, and of the integral over = of the
correlation between charge densities at « and the current. This formula was first obtained by Fujii [7] (by
a slightly different derivation, in the real-time formulation). Putting the current noise and current-current

response function in parallel, we obtained:

B - 4T%<J>NE72<{6J7Q}>NE
R (0T, Q) NE-

Note that although @ does not have a well-defined steady-state average (since it flows steadily), its
quantum correlations with finitely supported observables reach a steady value in the steady state; this is
why the quantities above are well defined. Also, note that for the noise, we do not have strictly speaking
an average of a finitely-supported operator. However, we have a limit where the support becomes infinite
(the limit is on the extent of the integral over x definining @), and this limit exists; that is, this is element

of a certain completion of the space of finitely-supported operators.

4.3 Operator construction in the (I)RLM

We now provide a full operator construction of the Y operator in the case of the resonant-level model,
where the dynamics is obtained from the Hamiltonian (2.8) with U = 0; we will then discuss briefly
how to take into account the U-term. In quantum mechanics, we may define the Hilbert space of a
quantum system as a vector space that forms a module for a closed algebra of observables that includes
the Hamiltonian, in such a way that the Hamiltonian has a spectrum that is bounded from below — this
gives rise to a bounded representation of the algebra of observables. In the case of the RLM, a closed
algebra of observables can be obtained from ;(z) and z/)]T(x) for j = 1,2 and z € R, d, d' and H (of
course, strictly speaking observables should be Hermitian operators, but we may consider the vector space
of observables over C). Once we have a bounded representation, since we are interested in steady-state
averages out of equilibrium, we will have to construct the Y-operators on this. An operator construction
of the Y operator was studied by Han [], and some of the concepts that we discuss here are similar.
However, the main point of this subsection is to show that we do not need to construct the Y operator
in terms of the impurity-less scattering-state creation and annihilation operators, which is a complicated
matter. Indeed, we need only to concentrate on the algebra of observables, and we may use the full
scattering creation and annihilation operators, where both the Hamiltonian and the Y operators are very
simple (such an expression for the Y operator was already written by Hershfield in the initial paper [5]).
Another goal of this subsection is to discuss further the resolution of the impurity in the RLM, and in

particular show that we do not have as much freedom as one would initially think about this.

4.3.1 Operator construction and bounded representation in the RLM

Let us now consider the RLM. The (anti-)commutation relations that we need to represent are the canon-

ical ones, (2.1) and (2.7), along with those related to the equations of motion. In fact, it is convenient, in
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this model, to consider the even and odd combinations of the Fermion operators (a transformation which

preserves the canonical anti-commutation relations),

_ Pa(x) £ o(x)

e,0lZ) = 4.39
Ve o() 7 (4.39)
along with the rescaling of the tunneling strength,
.
t=—. 4.40
7 (4.40)
Then, the equations of motion are
. d
()] = iie(z) - ro(a)d
. d
[H,¥o(2)] = 1%%(33)
[H,d] = —ed—7"9(0). (4.41)

The set of (anti-)commutation relations formed by the canonical observables and the equations of motion
is characteristic of a free model: the canonical observables and the Hamiltonian form a closed operator

algebra. Moreover, clearly the even and odd sectors decouple, so we can consider them separately.

We know from the general analysis of the scattering states in paragraph 4.1.2 that the only quantum
numbers of the scattering eigenstates are the momenta (which is the same as the energy by the linear
dispersion relation) of the incoming particles (along with the particle types). Hence, we can expect to be
able to write the Hamiltonian using canonical mode operators a, and b, (for the even and odd sectors,
respectively),

{af, ap} = {b}. by} = 60 —p"), (4.42)

other anti-commutation relations giving 0. The Hamiltonian will have the form
H= /dpp : (a;f)ap +b;f)bp) . (4.43)

In order to have a Hamiltonian that is bounded from below, the Fock space must be constructed out of
the vacuum |vac) defined by

ap|vac) = by|vac) = aip|vac> = bip|vac> =0 (p>0). (4.44)

This represents a filled Fermi sea, where we can create a particle of energy p > 0 above it using a;ﬂ, or a
hole at an energy —p < 0 inside it (which propagates with an energy p) using a_,. The normal-ordering

above, : - :, tells us to exchange the order of the factors (with an extra minus sign) for p < 0.

Thanks to the free-model property of the operator algebra, we can then expect the canonical observ-

ables to be linear combinations of the mode operators. For the odd sector, the solution is straighforward:
d, ipz
bo(z) = / P peire. (4.45)

For the even sector, we must simply try the form [ j—%r ap fp(z) for both operators that are mixed by the
Hamiltonian, ¥.(x) and d (with different functions f,(z)). But we know that f,(z), for ¢(z), should be
proportional to e? for any = # 0, and that the z-derivative must give a delta-function that cancels the

delta-function term in the equation of motion. So we must have a jump at x = 0:

B dp pe ) 1 (< 0)
Ve(x) = oz e { vy (2> 0) (4.46)
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for some v, with |v,|? = 1. The equation of motion for . (z) then tells us that

[
—le—/\/% »(Vp — 1). (4.47)

That is, this tells us how the operator d is expressed in terms of the mode operators, once we know how
to express the canonical observable . (x). The equation of motion for d then gives us a constraint on vy,
which will finally fix the mode representation of both canonical observables 1. and d:

dp 2 dp Up+1
/E%(E p)(vp — 1) =i|7| E% 5

Here, we used, as in paragraph 4.1.2, the resolution of the impurity given by (4.13) in order to define

(4.48)

1¢(0). Since the mode operators a, are independent for different values of p, we obtain

c—ptilrP/2  c—pitf
e—p—ilT|2/2  e—p—ilt|?’

2(e—p)(vp,—1) = i\T|2(vp +1)=v, = (4.49)

This should provide the solution to the problem of representing the algebra of observables. We still
need to check that the canonical anti-commutation relations are indeed satisfied. The anti-commutation
relation {9 (z), . (2")} = 6(z — o) along with (4.46) gives us, for both > 0 and ' > 0, the condition
that we already stated,

lup|? =1 (4.50)

which is easily checked to hold using (4.49). For z < 0 and 2’ > 0, we find instead the integral

dp ip(z' —x
/gep( )Up’

which is seen to give 0 by deforming the contour towards infinity in the positive imaginary direction,
using the fact that v, does not have pole in the region swept. A similar argument holds for > 0 and
2’ < 0. For the impurity operators, we find, from the mode representation,

1 dp
t = — [ =, -1
{d 5d} |7_|2 / o’ ‘UP |

_ L/dfp L (e=p?—|rft/4

IR (e—=p2+Irl*/4)"
The last integral can be evaluated by, for instance, getting the residues upon contour deformation towards
Im(p) = 400, at which line the integral is zero because the integrand goes proportionally to 1/p? at large
Ip|. This indeed gives the correct anti-commutation relation {d',d} = 1. A final anti-commutation

relation that needs to be verified is {¢}(z),d'} = 0, which is non-trivial because both observables are

expressed in terms of the same set of mode operators. We find

(4.51)

~ir{wl@).d) = [ 58 (0, ~ e { L

For z < 0, we may deform the p contour towards infinity in the positive imaginary direction, and v,
does not have any pole in the region swept, so this indeed gives 0. For = > 0, we must deform towards
the negative imaginary direction instead, but we have the factor (v, — 1)1); = 1 — v, which again does
not have pole in that direction, so we again find zero. There may still be delta-function contributions at
z = 0 in principle, but evaluating ffL dz z™{}(x),d}, we find that for any integer n > 0 the result is

27



zero, by similar contour-deformation arguments and from the fact that v, — 1 is proportional to 1/p for

large |p|.

Hence we indeed have a solution to the problem of representing the algebra of canonical observables
and the Hamiltonian. One very important subtlety, however, is as follows. From (4.47) and (4.46), we
find that

Ge(0F) = 4. (07) = —ird. (4.52)
This is the discontinuity equation of v, () in operator terms. But this equation implies that, for instance,
{4(0%),d"} # 0. This may seem like a contradiction, but it is important to understand that 1. (0%)
correspond to two “versions” of the field 1. at the impurity site 0. In the calculation of (4.51) above, we
considered = away from the impurity site,  # 0, when looking at both sides z > 0 and = < 0. Hence,
this excluded the operators 1, (0F). Taking x = 0% instead, we indeed find a non-zero result, given by
half of the residue of the pole at p = oo (just half, because we must integrate on the upper half-plane or

the lower half-plane, so we only get half of the contour around the pole at p = c0):
{0e(0%),d"}y = Fir/2. (4.53)

Hence, we indeed recover consistency with {d,d} = 1. This result points to the fact that the operators
1. (0%) are reproduced by the limits lim,_,+ . () only in matrix elements where no other operators are

present at the impurity site.

The reason why the result (4.53) is not in contradiction with having a correct representation of the
algebra of observables is that 1. (0¥) cannot be interpreted as the limits z — 0% of the algebra element
Ye(x); the algebra element 1. (z) at the impurity site is simply %.(0) (there is no well-defined notion of
a limit in z of algebra elements like ¢ (z)). The impurity led us to define two “new” operators 1. (0F),
which have the meaning of the limits lim,_,g+ ¥.(z) of the operator representation of 1. (x) in appropriate
matrix elements, and satisfy non-trivial anti-commutation relations with the impurity operators. But the
operator representing the algebra element 1), (0), which is simply (¢(0") +1.(07))/2 by the resolution
(4.13), still commutes with df. Of course, the two operators 1, (0%) are not really new, since they are
related to 1.(0) and d; they are just, from the viewpoint of the algebra, linear combinations of certain

algebra elements.

It is important to note that we only needed one set of modes, ap, in order to represent the algebra
involving both canonical observables 1. (x) and d. This may seem strange at first, since without impurity
interaction, we initially considered two separate representations, where d can be seen as a matrix and
Ye(x) as a conformal field. This is a consequence of the phenomenon of hybridisation: the impurity states
do not have an associated quantum number parametrising the set of scattering states, only the momenta
and particle types are quantum numbers. Hence, once we introduce mode operators for constructing the

states, all operators have to be represented in terms of these mode operators.

4.3.2 Resolution of the impurity

In fact, one of the steps that was not completely deductive in the operator construction above was that of
the resolution of the impurity, where we used (4.13). It is very interesting to see if there can be another

resolution. What we want is an operator

Ye(0) = Eapfp
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with the property that
[Wi(x),ve(0)] = 6() (4.54)

(a property which we used to derive the equations of motion — this is the main defining property of . (0)

in the Hamiltonian). First, we may simply wish to define
¢e(0) = G¢e(0_) —+ bwe(0+)7 a+b=1, (455)

which indeed satisfies the condition (4.54). However, solving the equation of motion for d we find, instead
of (4.49),
€ —p+ialT|?
P €e—p—ib|7|?’
which does not fulfill the requirement (4.50) for the canonical anti-commutation relation of the observable
e () except for a = b. Looking for a possibly more general f,, the requirement (4.54) tells us that f,
does not have poles in the upper-half plane Im(p) > 0, that v, fp does not have poles in the lower-half
plane Im(p) < 0, and that f, = O(p°) as |p| — oo. The possibilities are 1, v, or any linear combinations
of these, so that (4.55) is indeed the most general possibility, and we saw that it is consistent only for

a = b. Hence, (4.13) is indeed the only consistent resolution of the impurity.

In fact, we can well modify the initial algebra of observables in order to account for a resolution
like (4.55). We know from our operator construction that with this resolution, thanks to (4.53), we
have {1(0),d'} = (a — b)ir/2. Since we have an operator construction for this, it should lead to a
consistent algebra. Taking that as part of the initial algebra of observables used in the Hamiltonian, the
equation of motion for d is modified by a shift € — € — (a — b)i|7|?/2, which modifies the solution v,
in such a way that |v,g|2 = 1; indeed, the construction is consistent. However, this simply comes from
a different algebra of observables, which can in fact be obtained from the initial one by a simple shift
Ye(0) = .(0) — (a — b)diT/2. We emphasize, though, that this is a modification of the original algebra,
whereby the physical meaning of ¥.(0), as representing electrons on the metallic sheets at the impurity
site, is lost.

How is it possible that the symmetric resolution be the only physical possibility? The idea is that
a priori, with a spreaded impurity interaction 7 [ dz p(x)¢l(x)d + h.c., the point 0 does not have any
particular status: there is no information about where the operator d is placed, besides the distribution
p(x) itself. What is happening is that, whatever the shape of the density p(z) is, be it symmetric or
not, in the limit where the density becomes supported at one point z(, the interaction can be seen as

involving the two parts 1/Je(938:) around the center of mass of the density, both parts with equal weight.

4.3.3 Bare scattering eigenstates

It is worth noting that from the operator construction above, it is possible as well to reproduce the
bare scattering state construction referred to in paragraph 4.1.2. This does not form a priori a bounded
representation, because the Hamiltonian is not bounded from below. However, we may make this a
bounded representation simply by restricting the values of momenta to p € [—A, A] and by restricting the
maximal number of particles. With these restrictions, both the bounded representation in the previous
paragraph and the bare scattering state construction are equivalent. However, in order to properly obtain
the states in the scaling limit (where A — oo and where the maximal number of particles is infinite), we

need to look at the states in the bounded representation of the previous paragraph.
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In order to construct the bare scattering states, recall that we first construct a bare vacuum |0)
through 9. (2)]|0) = ¥,(x)|0) = 0. We will also take it as a vacuum for the impurity space, d|0) = 0.
Then, the bare vacuum satisfies a,|0) = b,|0) = 0 for all p € R (note how this differs from (4.44)), and
bare scattering states are constructed by applications of a;f, and b;]. This can in turn be written in terms
of the operators 1} (x), d' and ] (x) by inverse Fourier transform. The inverse Fourier transform is most
easily found from the anti-commutation relations \/ﬂ{z/}e(x),a}:} = eP?(1 (z < 0), v, (x > 0)) and
—iry/2n{d, al} =wvp — 1, giving

vy — 1

0 oo
V 277(1;[, = / dx eP*] (z) + / dzx vpePuPl (z) — df (4.56)

o 0 1T

whereas we immediately have
V2rbl = / dz P (z). (4.57)

Then, many-particle states are simply constructed as a}|0), af af |0), a} bl |0), etc.

This gives the scattering eigenstates as states in the space F ® Z formed by tensoring the Fock space
F over the canonical algebra of ¥, (z), ¥!(x), ¥,(x) and ] (x), and the representation space Z of d and
d'. However, the resulting space of bare scattering states certainly cannot be simply related to F ® Z.
This is because, in F ®Z, the discontinuity equation (4.52) certainly does not hold. What is happening is
that the space of scattering states of the RLM is embedded into F ® Z, and we need to define ¢, (0F), the
physical operator, as ngbare)(oi)P where wébare) (0%) is the unphysical operator acting in the “bare”
way on F ® Z and P is the projection operator on the space of scattering states. Here we see how the
operator construction based on the algebra of observable is more transparent. Subtleties of this type will
turn out to be useful in the next subsection.

4.3.4 The Y-operator and its non-locality

Now that we have a bounded representation of the algebra of observables, we wish to represent the Y
operator. We say above that, in the case of the IRLM, the conditions (4.7) and (4.8) are enough to fully
determine the Y operator. In terms of modes, the solution is simple:

1
Y =2 / dp (alb, +blay) . (4.58)

Using this and the representation of the algebra of observables constructed above, we may evaluate all
traces involving the density matrix out of equilibrium. The trick is simply to use the cyclic properties of
the trace, and the adjoint action of ¥ and H on the individual modes (i.e. the action by commutation),

in the more natural combination a, £ b, where the adjoint actions of both Y and H are diagonal:
Tr (e_(H_VY)/T(ap +b,)(al, + b}, ))
Tr (e=(H-VY)/T)

e~ H=VY)/T (qf, 4 b1 )(a, + bp))
Tr (e—(H—VY)/T)

Tr (
(' E'V/2)/T

Tr (e_(H_VY)/T(ap +b,)(a!, + bj,,))

—  LW'x'V/2)/T / _ ) —
— e (1+ () (E)1) 6(p — 1) TIECEET
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where in the last equation we can solve for the initial ratio of traces. Traces with more factors of the
mode operators are obtained using Wick’s theorem. One can then easily calculate, using these results,

the average current

dpdp’

<‘.7>NE = <Im (T*dtl/jo((]))>NE = —Re </ (’U; — 1)<a;gbp/>NE> . (459)

We will not go into explicit calculations of physical averages using the modes, as this is somewhat
tedious but completely straightforward. However, it is instructive to derive the form of the Y operator

in terms of the localised observables ¥.(x),1,(x) and d, and their hermitian conjugates. Using

o0 il p—e+i i x
Up:].—|7'|2/ dme(p 5 ) (4.60)
0
we find
v=3 " il (@)(e) & / " dg (i /2ic)e (wwo(az) +ir [ " dn @+ x’>) +he
oo 0 0
(4.61)

where h.c. means the hermitian conjugates of all terms. That is, the Y operator contains a first term
equal to @, which is (up to a factor) the integral over all z € R of the local density ] (x)v,(z) + h.c..
But the other terms in the Y operator are not of this form: they are not integral of local densities.
Indeed, one term contains the integral over x of df¢,(z), a product of local operators at 0 and z, and
the other term contains the integral over both 2 and z’ of ¥ (2')¢,(z + '), a product of local operators
at x and z + 2’. The non-local terms are supported on the right, since the form of the state in the
left region, corresponding to right-moving waves before they scatter with the impurity, is just that of the
initial state — describes by the local charge @. In the non-local part, the weight of the integrand decreases
exponentially with the distance between the local factors (this distance is x in the integral in (4.61)). This
means that although the Y operator is non-local, it can still be considered quasi-local: it is an integral
over the position z’ of a quantity with a support around z’, whose “strength” is exponentially decreasing
away from x’. This quasi-locality is directly related to the presence of a good relaxation mechanism that
allows the steady state to exist. In order to see that, note that from (4.23), the non-local part of the Y
operator is just f_ooo dt J(t). Then, thanks to relaxation mechanisms providing large-time factorisation,
the steady-state average of the non-local part of Y times 0 = O — (O) yg should exist for any finitely
supported O. This is only possible thanks to quasi-locality. Here, we see explicitly that the tunnneling
term, with strength 7, is at the source of the relaxation mechanisms. At a more technical level, the
steady-state average of a finitely supported operator O should be differentiable with respect to V. Since
the derivative is 77! (Y6O) x g, this quantity should be finite — which is possible thanks to quasi-locality.

We expect the non-locality to be at the basis of the fact that the density matrix formed out of
Y describes a situation that is out of equilibrium. Take for instance the equilibrium density matrix
po = e~ (Ho=VQ)/T  TInterpreted in terms of the result of equilibration where the system exchanges
a quantity with an external environment, the coupling of the charge ) to the chemical potential V'
represents processes where an electron at x is given by the system to the environment and coherently put
back at the same position. In evaluating traces, we are considering quantum states that are steady under
these processes. What these processes tell us is that electrons given and received at different positions are
incoherent. If we wished to interpret the non-local part of Y as coming from an “equilibration” with an
environment, we would have to consider that the system may give an electron at = to the environment,

while coherently receiving an electron at ' # x; we are looking for quantum states that are steady under
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such non-local processes. The main point is that there must be quantum coherence non-locally in the

hypothetical environment; this allows a flow of particles out of equilibrium to occur.

Finally, it is worth verifying the formula (4.23) in the operator formalism, which provides a non-trivial
connection between the scattering-state formulation and the real-time formulation. We first would like

to calculate

0 sk
/ dtj(t):—lg

where we used [H, 9,(z)] = idy,(x)/dz. Of course this can be evaluated using our solution in terms of

HE Ty (0)e HE 4 he. = — —Hr gt iy, (1) + he.  (4.62)

mode operators. However, an instructive way of evaluating this that directly leads to an expression like
(4.61) is to try to find e~ 2dfef® (for x > 0) by writing its general form in terms of local operators,
knowing that it can only be a linear combination of d' and ] (y) for 0 < y < a:

e — )t + [yl (a). (1.63)
We then only have to calculate the following commutator in two different ways:
[H, e Hegleitln] = omiHa[g gf]eiHe
e‘iHﬁc(edJf + T’(/JT( ))ein

et ((e 1';‘ )durw(m))

12
(6— 1|72-| >€—1Hde€1Hac +T¢l($)

= <e i’ ) ( z)d' + / dy ¥l (y) )) + Tl () (4.64)
where we used (4.13) and (4.52), as well as the fact that [H, ¢ (x)] = ide(z)/dzx for any x > 0; and

(He et — (H f)d [ " dy i ()g(y.2)]

0+

= s (= TE)at v roton) + [ ay (i vt + s ) gt
= f(=z) <<e — 1‘;' >dJr +mp*(0+))

- [ trvlwigat. ) +i (@)~ l07)g0.2)). (4.65)
Comparing (4.64) with (4.65), we find

. . i|7|? . d
“irf(e) = g0.0). it =gle.o) (e~ T ) otya) = i g0 (1.66)
with the solution
oy, z) = —irelmP/2H00=o)  f(p) = ~(r*/24i0 (4.67)

Putting this in (4.63), then in (4.62), we find exact agrement with the non-local terms of (4.61).

This calculation provides a quite non-trivial check of the consistency between the real-time formulation
and the scattering-state formulation, in this special “free” impurity model. This then implies that we can
indeed correctly calculate, for instance, the current-current response function by evaluating the average
of the local operator

il7, Q) = S5-d've(0) + hee. (4.68)
and the noise by using the formula (4.38).
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4.3.5 Perturbation in U

The model we solved until now was the RLM, without the Coulomb-like U-term in the impurity inter-
action. In order to assess the model (2.8) with U # 0, we may wish to study the perturbation theory
in U. This may seem complicated at first, because we need not only to perturb the Hamiltonian, which
is simple to do (or at least, which has been considered before), but also the Y operator: it should be
modified by the U-term, since it is defined via the Hamiltonian. This modification, at first, may seem
hard to obtain.

However, there is a very simple way of doing perturbation theory, based on the algebra of observables,
instead of a direct construction of the modified Hamiltonian and Y operator. We know that the space
of scattering states has the same form for any U: the states are characterised by momenta of scattering
particles (and particle types), and there are no other quantum numbers. We know as well that the energy
of a scattering eigenstate is just the sum of the energies of the individual scattering particles. Hence,
(4.43) with (4.42) and (4.44) still hold: we have an exact expression for the Hamilonian. This is not so
surprising: remember that in massive quantum field theory, for instance, the space of states is exactly the
same as that of a free theory with a given set of particle masses and internal quantum numbers (if any).
In fact, there are many bases that take exactly that form, for instance the in and the out bases. What
makes the model non-trivial, and what chooses the basis, is the exact form of the energy density on that
space: this encodes the interactions (or, equivalently, the scattering matrix encodes the interactions). In
other words, instead of considering that the Hamiltonian is modified, we consider that the representation
of the local observables is modified. In our present case, this means that we cannot any longer assume
that the observables ¥ (x), ¥,(z) and d (and their Hermitian conjugates) are linear in the modes a, and
b, (and their Hermitian conjugates). What we can do is simply to start with the solution we obtained
above for the local observables, and add terms proportional to U, U2, etc, that contain more and more
factors of the mode operators (3 factors, 5 factors, etc., keeping the total number of particles created or
annihilated the same). Then, we only need to impose constraints coming from the equations of motion
(the commutation relations with the Hamiltonian H), and self-consistently solve these constraints. That
is, we perturbatively solve the equations of motion in the Heisenberg picture, starting with a solution

that we know at U = 0. This uniquely fixes, perturbatively in U, all the observables.

An important point is that for  # 0, no matter what value U (or even t) takes, the observables
Ye(z) and ,(x) satisfy the same algebra, and the same equations of motion. As a consequence, for
x > 0 or for x < 0, these observables can in fact be taken to be in the free form in terms of the modes.
Above, for U = 0 but t # 0 we chose to have them in the free form for z < 0 (see (4.46) for instance).
Then, turning on U, we can well choose to keep the free form for x < 0: the only modification that
the U-term provides, when solving self-consistently the equations of motion, is for > 0 (including the
operator d, for instance). We emphasize that this is just a choice; essentially what it says is that we
chose the creation and annihilation operators to be corresponding to in scattering eigenstates. But this
is a very convenient choice, because it means that we can keep exactly the same expression (4.58) for
the Y operator: it still satisfies the conditions (4.7) and (4.8). It is important to understand that we do
not need to “proove” that (4.58) holds for U # 0. The structure of the space of scattering states implies
the form (4.43) of the Hamiltonian, and the algebra of local observables for x < 0 implies that we may
choose the free form for z < 0. Then, the fact that conditions (4.7) and (4.8) uniquely fix the Y, as
proven in subsection 4.1, immediately tells us that (4.58) holds. This form of the Y operator was written

by Hershfield [5], but what was not emphasised was that, in order to produce a perturbation theory, we
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then only have to construct the observables perturbatively, we do not have to write the “interacting”
mode operators in terms of simpler “uninteracting” modes in which the obervables would have a linear
expression (that would make the calculation of the ¥ operator complicated). Hence, the perturbation-
theory part of the calculation does not know anything about the fact that we are interested in a steady
state out of equilibrium; it is purely operatorial. This, then, provides a complete way of evaluating any
steady-state average perturbatively. Note that the expressions for the current operator in (4.59), for
the response operator (4.68), and for the noise (4.38), in terms of local obervables, are unaffected by
the perturbation in U; their expressions in terms of modes will be affected, and this will provide the
perturbation theory for their averages. Naturally, we will need to have a cut-off, and then to perform
an appropriate renormalisation of the observables of interest (and of the couplings) in order to obtain

well-defined observables that have finite averages.

4.4 Equations of motion and full perturbative expansion

Finally, we present here a way of obtaining the full perturbative expansion of steady-state averages out of
equilibrium in terms of averages in the model without impurity interaction (at equilibrium); we use the
TRLM as an example. This methods was developed in [6]. It is not based on the operator construction
of the previous subsection, but rather on the equations of motion, the stationarity condition, and the
fundamental conditions (4.2) and (4.5) for the Y operator. It makes fundamental use of the discontinuity
equation through the impurity, the generalisation to non-zero U of (4.52). In fact, the method is also
useful and novel in order to obtain averages at equilibrium, as well as any scattering-state matrix elements

of observables.

4.4.1 Discontinuity relations

First, we explain how to obtain the discontinuity condition without an explicit construction of the op-
erators. The idea is to consider some general properties of the bare scattering eigenstates of the IRLM.
In the previous subsection, we constructed these eigenstates by using the expression of the creation and
annihilation operators in terms of the local observables, simply changing the definition of the vacuum
from |vac) to |0). It may seem hard, then, to construct the eigenstates for any U # 0, because the relation
between the creation and annihilation operators is not linear anymore. However, if we directly start with
the bare Fock space constructed out of the bare vacuum |0), we may choose the Hamiltonian to annihilate
|0}, and since it preserves the number of particles, we may calculate its action on any sector with a fixed

number of bare particles. That is, we think of forming eigenstates of the form

|p17p27 v 7p7l>a1,a2,...,an,

oo
= / ga1,a2,..4,an(p1;p27-~'apn‘x17x27'"7mn)w21(m1)wl2(x2)"'wgn(xn)|0>

— 0o

oo
+/ gal,aQ,...,an_l,o(Pl,pz,-~-,pn|2171,$2,~--7In—1,0)¢ll($1)¢22(9€2)'"¢ln_1($n—1)df|0>

oo
+/ Ya1,a2,...,0,an, (p17p27 cee 7pn|3317 T2y evny 03 mn)¢ll ($1)¢lz (1'2) e dTwln (xn)|0>
+

—00

o (4.69)
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where a; = e,o (or a; = 1,2), for fixed n, and we wish to diagonalise the action of H on it. This
simply recasts the problem to its first-quantised form, where we only need to evaluate the bare wave
functions g. For few number of particles, this can be done analytically, for any finite U, and it does
not depend on the integrability of the model. Moreover, the action of Y is simple to evaluate, we just
have to make sure that the bare wave functions diagonalise the operator @) for x; < 0. This may seem
like a much more powerful method than the operator method of the previous subsection; however, it
has the disadvantage of providing eigenstates that are very far from the true vacuum. The true vacuum
(which exists in the bare construction with a cutoff on the momenta and the number of particles), has a
filled Fermi sea, so corresponds to a very large number of bare particles; this, in general, is not possible
to construct systematically, unless there is integrability?. Hence, reaching the universal limit is beyond

these low-particle calculations.

Yet, we will only be interested in general properties of the bare scattering eigenstates, valid for
all states, so that we may apply them to the true vacuum and its low-lying excited states as well.
Since the dispersion relation is linear, the first-quantised Hamiltonian eigenvalue equations are first-order
equations, and since there is an impurity that couples only with the Fermion operators ¢, ,(0), not with
their derivatives, they contain delta-functions d(z) but no derivatives of delta-functions. Integrating
the first derivatives, we observe that the resulting wave functions should, in general, have jumps at the
position of the impurity, z = 0, but, importantly, no delta-functions. This observation has the following

consequence. Suppose we look at the matrix element
(0| O (z)|v") (4.70)

where |v) and |v’) are some scattering eigenstates, and O is any operator. Then, the evaluation of this
matrix element, by pushing ¢, (z) through to the right until it annihilates |0), will generate wave functions
at the argument x, so this matrix element has no delta-function as a (generalised) function x. Likewise,
then,

(Bu — B (0|06 (2)l0') = (0] [H, Ot ()]0} (4.71)

has no delta-function as function of x, so we may write

—L —L +

L 0~ L
/ dz<v|[H,o¢e<x>nv'></ d + / dx) (|[H, O (2)]1'). (4.72)

But since [H, e (x)] = [Ho, Ye(x)] = idpe(x)/dz for x # 0, and since

[, ¥e(2)] = —(7d 4+ Ut (0)D)d() (4.73)
where we define
D =d'd, (4.74)
we find
—(v|O(7d + U (0)D)[v") = 1] O(1he (07) — 1 (0F)) V") (4.75)

That is, the absence of delta-function tells us about the jump of the operator ¥ (x) around the impurity

site x = 0.

20ut of equilibrium, we want integrability to be in agreement with the Y operator — the natural particles in the integrable
basis must have definite Q-value for positions = < 0, that is, must be charge carrier. An attempt at using integrability in
this way for the IRLM is [11].
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Since this jump does not depend on the states that we chose, we have the equality when any matrix

element of the operators on both sides are evaluated:
O(We(0%) = (07)) £ ~O(rd + Ut(0)D) (4.76)

where H is the space of scattering states. This makes it clear that this space is embedded into the initial
Fock space, since this equality certainly does not hold in general on the Fock space F ®Z; it is important,
in order to obtain the equality, that we do evaluate the matrix elements of both sides in some scattering
states. In fact, since the operator O can be any operator on the Fock space, the only requirement for
the equality to hold is that we apply both operators on a scattering state. That is, we have equality for
both sides not only as operators on H, but also as linear maps H — F ® Z. We will indicate this by the
[
symbol =, so that we have

Ve (01) = o (07) 2

The fact that the application on the right is singled out can be traced back to our choice of bare vacuum;

—i(rd + Utpe(0) D). (4.77)

we could have chosen it, instead, to be annihilated by ] (), and we would have obtained the opposite.
Equation (4.77) generalises (4.52) to the case U # 0.

In equation (4.77), we again have the problem of the evaluation of t.(z) at x = 0 while it has a
jump at that point. Hence, we need to resolve this impurity term, in a similar way that we needed to
resolve the tunnelling impurity term in the case U = 0 above. We did not provide a complete operatorial
analysis of the possible resolutions for the U-term, but it seems natural that we may simply replace
e (0) = (¥e(0T) + 1¢(07))/2. Doing so, we find

1+ 90) e0) = (1= Yn) w0 2 —ira. (4.78)
(17 0) wion = (1-70)

In order to be able to use these discontinuity conditions, it will be convenient to be able to express
all operators that are on the right > 0 in terms of impurity operators and operators on the left x < 0.
That is, we would like to solve for 1.(0") in the equation (4.78). This is possible to do thanks to the
fact that the equation is valid as a linear map H — F ® Z: we can pre-multiply by any operator. Here,

we simply have to invert, using D? = D:

<1 + i;]D> i 5 -ii—UiUD (4.79)
so that we find, using Dd = 0,
be(0H) 2 Zird 1+ (1 — iuD)i (07) (4.80)
e u = 21U (4.81)
21— U’ ’

Likewise, a similar calculation yields, for the odd sector,

Go(0%) 2 (1 iuD)yo(07). (4.82)

Also, the Hermitian conjugate relations hold, but this time as operators acting on the left on H*:

w107 Yirtdt + (1 + D) (07) (4.83)

and

250%) 2 (1 + 1w D)gf(07). (4.84)
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Note that these discontinuity equations circumvent the problems occuring when trying to take (anti-
Jcommutators with impurity operators on both sides. The operator that we are talking about, here,
are the “bare” operators, without projection onto H, to the difference of the operators constructed in
the previous subsection. Hence, they satisfy the bare anti-commutation relations, and we need to make
sure that there is no inconsistency. But, although the equations (4.80) and (4.82) can be pre-multiplied
by impurity operators, their validity is not guaranteed when they are post-multiplied. The same holds
but for the opposite side for (4.83) and (4.84). Hence, (anti-)commutators cannot be taken on these
equations. However, there is no problem in pre- or post-multiplying by Fermion operators at positions
x # 0, since these preserve the space H.

4.4.2 Equations of motion and stationarity condition

We are now in a position to obtain a useful form of the equations of motion. First, note that any
observable that we are interested in can be, in principle, brought to a linear combination of operators of

the form €¥b;0(z)e ™ for x < 0 and for some y < 0, where
bo=1, bi=d, by=d, by=D, (4.85)

and where O(z) is a finitely supported operator whose support has x as its rightmost point. For instance,
the current operator J = Im (7*d'1),(0)) in (4.59) can be written

J EIm (77d,(07)) (4.86)

using 1,(0) = (1,(0%) 4+ ¥,(07))/2 (which comes from (4.13)) as well as (4.82), along with d'D = 0.
Note that we needed to use both the discontinuity relations for v, and for its Hermitian conjugate, so
that the result holds only as an operator on H. Likewise, the response operator (4.68) is

i[7,Q] & Zdfpe(07) + hec. (4.87)

*
2

2
where we additionally used the fact that the term —i%D occuring from the first term on the right-hand

side of (4.80) is purely anti-hermitian. In these two cases, we have y = 0. For observables with a local

operator at & > 0, like those involved in the integral in the expression for the noise (4.38), we can in

Hz in order to bring the operator to 2 = 01, then use the discontinuity conditions; there

iHx

principle use e
we will have y = —x. However, this may be harder in general, because, for instance, the action of e
will have to be evaluated perturbatively on the current operator J in (4.38). In the following, we will

just consider cases with y = 0.

In order to illustrate how we can use this form of observables along with the equations of motion, let

us consider the current in the case U = 0. The equations of motion tell us that

H, @) 7= (e 4 gl (0o (e) + i ()

= (07 )o(z)+ | e+ -t i (d"o(2)). (4.88)
Hence, the matrix elements of this operator satisfy the equations
iT 2 . d x —
(B2~ B = e= T i) Gl vul)le) = rolulo o) (4.89)
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We can now consider the true vacuum and its excited states, instead of bare scattering eigenstates,
because the equation holds for any eigenstates |v) and |[v'). Then, we can evaluate the right-hand side
if we choose in-scattering eigenstates, because it only contains Fermion operators at negative positions.
For these, we know that the free form like (4.46) (at < 0) in terms of mode operators hold, and we
know that the scattering states can be obtained simply by application of the mode operators on the true

vacuum |vac) (Fock space). Hence, this calculation is a free, conformal field theory calculation:

(Wl (07 ) (2)[0") = crr (VYL (07)Yo(2) V) o pr. (4.90)

What has happened is that we used the discontinuity conditions in order to bring to the left any operator,
appearing from the equations of motion, that is on the right. Solving (4.89), we find

x
Ol @) = e B [y E ol 07 ) e
—-L
(4.91)
We still need to determine the integration constant L. But clearly, for any L finite, when z — —oo the
result diverges, whereas we know that the correlation function may at most be oscillating. Hence, we
need to take L = co. Then, in order to evaluate matrix elements of the current operator, we only need

to take the limit © — 0~ and substract the complex conjugate with v < v'.

Clearly, the derivation holds as well when we consider the trace with the density matrix out of
equilibrium, and in this case we have E, — E,, = 0 (because [Y,H] = 0) — this is the stationarity

condition. Hence we find
0
(@0 e =it [ dy el 0 ) (4.92)

where the CFT average, denoted (-)¢ to agree with our previous notations, is evaluated using the initial

density matrix

po = e~ (Ho=VQ)/T (4.93)

Here, the fact that we obtained this CFT average for operators on the left of the impurity can also be
seen simply as the use of the condition (4.5) at the basis of the definition of the Y operator. The CFT

correlation function is easily evaluated by standard methods, where, with

fab(@1 — @2) = (] (x1)¥p(22))0, (4.94)
we have Va2 Va2
iTe V™ iTe'V'?®
_ — - = =0 4.95
Jii(z) 2sinh(rTz)’ f22() 9sinh(7Tz)’ fi2(x) = fai(z) ) ( )
giving
iT cos(Vx/2) Tsin(Va/2)
ee = Joo = 5 i/ N\ eo = Joe = 5 1 - 4.96
Jeel@) = fool2) 2sinh(7nTx) Jeo(@) = foc() 2sinh(nTx) (4.96)
Hence, we find
|7'|2 / 7125 sin T cos
d 4.97
() se sinh s ( )
which specialises, at zero temperature T"— 0, to
—o |7|? 2 -2
(T)ne = % (arctanv|:_|26 + arctanv|7_|2€> : (4.98)
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Finally, we can generalise this calculation to U # 0. For O(z) as above, we know that [H, O(z)] =

idO(x)/dx, so that we find the equations of motion:

[H,dO()]
[H,d'O(x)]
[H, DO(x)]

We need to use an appropriate resolution of the U-term, and simply replacing . ,(0) =

Ye,0(07)

= | = ed =77 (0) = Ud(@] (001 (0) + ¥ (0)(0))| O(@)
= |ed! +7010) + Ul (] (009 (0) + ¥1(0)40(0)) | O(a) + i

= | Tl -

7*d 1) (0)

dx

O() +1-L(DO@)).

+ i%(d(’)(w))

. d
—(d0@)
(4.99)

(Ye,o(0F) +

)/2 everywhere will be in agreement with that which we used in order to derive the discontinuity

relations. Then, we simply need to replace all operators at 07 using the discontinuity relations. There

are many terms. We find:

—dipf(01)1e (0T)

—dipJ (07 )he(07)

—dl (0™

=

=

)ebe(07) (e

= |

and the same hold for e — o with 7 — 0:

where we used

—d (0 )p,(07) 2
—dpf(0)e(07) Y —dn,(07)
—dy (07 )p,(01) 2

ne(l‘) - ¢l($)¢e($)v no(x)

Taking the Hermitian conjugates:

We also have

$i(07)

ir* D) (0

= 1= iz Iz 1= =

(1+iu”

P10 dipe (07)
(ir*d" +
(1 — i) (it* D (07) —
$E0F)dye(07)

(i7*d" + (1 +iu* D)yl (0~
7)) —dne(07)
)dipe (07)

d(—ird + (1 — iuD)the (0~
—(1 —iu)dn.(07)

D)yl (07))

(1 +iu*)(ir Dy} (0

d(—ird + (1 —iuD)¥.(07))

dn.(07))

) de(07)

)

—(1 —iu)dn,(07)

—(1 —iu)dny(07)

= ¥} (@) Po(2).

T) +d'ne(07))

ir DI (07) +d'n.(07)

(1 + iu*)d ne(0
(1 + iu*)d n, (0
1,(07)

(1 —|—1u*)dTno(

—~

~

itD —
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ir*D — dip}(07)
d'e(07).

(4.100)

(4.101)

(4.102)

(4.103)
(4.104)
(4.105)



Putting all these terms together, and using the relation U(2i — u) = 2u, the equations of motion become

3
[H,b;0(x)] =1 (ddz + Aj) (b;0(z)) + <Cj + ZbiEij(O_)> O(z) (4.115)
i=1
where
712 712
A = ('2 +ie, % — ie, |T2> 4 (4.116)
¢j = (=T"9e(07),79{(07),0), (4.117)
—un(x) 0 —7i(x)
Eij(z) = 0 uw'n(x)  —7"Pe(x) (4.118)
iur*e(x)  du il (z) 0 i
with
n(x) = ne(x) + no(x). (4.119)

Using these equations of motion in the steady state, from the stationary condition we obtain a first order

differential equation involving b;O(x):
d 3
_i%<bj0($)>NE = iAj(bjO(l‘)) + (Cj + ; biEij(O_)> O(.%‘) (4.120)

However, it is not possible to immediately solve it, because it contains terms of the type bi@(x) for new
operators O(x) supported on the left.

4.4.3 Full perturbative expansion

What we can do, from (4.120), is simply to solve recursively. First, we integrate, so that we find

m 3
b;00 ) NE = ie—Aﬂ/ dy eAjy<<cj + ZbiEij(O_)> OW))nE. (4.121)

—o0 i=1
Here we already used the asymptotic finiteness condition in choosing the integration constant, and we
have specialised to = 0~ for simplicity (and because this is of most interest in many situations). Note
that the part of the average involving the factor (¢;O(y)) v can be evaluated explicitly, because ¢; only

contains operators on the left of the impurity site:

;O NnE = (¢;O(y))o- (4.122)

Then we only have to interpret E;;(07)O(y) as a new operator O(0~) supported on the left, with right-
most support point at z = 0~, and use again the same integral solution for the averages (b, E;;(07)O(y)) nE-

Recursively doing this, we find

3 o0 0
<Z b;0;(0"))NE = Z in 1 / dzg - - - dx, (X E(z,) - e E(x1 4. . 42,)e 0 O(z0+. . . +2,))o
j=1 n=0 >

(4.123)
where
A1 0 0 Ol(l‘
A=l 0 4 o |, d=(a e &), Ow=| 0 (4.124)
0 0 A Os(z)
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and E(z) is the matrix with entries E;;(z). This provides the full perturbative expansion in U for the
average of any operator at the site 2 = 0. That it is an expansion in U is clear upon realising that the n'®
power of the matrix E(x) (at different positions z;) has powers n and n—1 of U, a structure which is not
affected by multiplying the n factors by diagonal matrices e, Interestingly, the matrix structure has
taken care of the combinatorics of the perturbation theory: there was no need for any Keldysh diagrams,
for instance. Certainly, we will need to have a cut-off and renormalisation scheme, but the cutoff can be
totally implemented in the CFT correlation functions themselves. Interestingly, however, it is possible to
take the cutoff scheme where we have infinite-cutoff CFT correlation functions, but an upper limit on the
z; integrations set to —A~! instead of 0. This was shown in [6] to reproduce, for instance, the correct

singularity structure, hence the correct renormalisation group equations.

There are other suggestive forms in which this infinite series can be written:

3 0 "
<j;bj(9j(07)>NE :i[m dz <ct7>exp/0 dy(—iE(y) + A) O(z))o (4.125)
and
3 0

where we recall that H, is the metallic-sheet Hamiltonian.

In the latter form, there is a new evolution operator that appears, with Hamiltonian
H = H, + E(0) +iA. (4.127)

This is a Hamiltonian with an impurity interaction, but the impurity space is twice as big: it is the space
of original impurity operators. Equation (4.125) tells us to first evolve the CFT state for a “time” —x
with the impurity-less Hamiltonian, apply O(0), then evolve backward for the same time, but with the
evolution operator associated to H, then act with the special operators c'; finally tracing over the CFT
states and integrating over the “time” —z. In a sense, the forward part of the time evolution has been
made trivial, and all the impurity action is in the backward part. Essentially, the use of the discontinuity
relations is equivalent to using the impurity (anti-)commutation relations to bring all impurity operators
on one side of the observable that we are interested in; we are left only with a structure in the space of

impurity operators.

In the former form, (4.125), we have a path-ordered exponential of an integral of the impurity part
of the new Hamiltonian H. There, it is important to note that all operators are always ordered in
decreasing positions. Hence, we do not need to know about the commutation relations of the various
operators involved in the matrix F(z). That is, it is at that point possible to represent all operators as
random (anti-commuting) variables, with a proper kernel reproducing the correct correlation functions

for ordered positions: we may consider
(- g / [diy dip dipadiph] el e A7’ (V1 (@) K (2,21 (2) 49 (2) K2 (2,2 )2()) (4.128)
It would be interesting to study further such a representation.
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