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We present a quantum-field-theoretical framework based on path integrals and Feynman diagrams for the
investigation of the quantum-optical properties of one-dimensional waveguiding structures with embedded
quantum impurities. In particular, we obtain the Green’s functions for a waveguide with an embedded two-level
system in the single- and two-excitation sector for arbitrary dispersion relations both in the time and the frequency
domains. In the single-excitation sector, we show how to sum the diagrammatic perturbation series to all orders
and thus obtain explicit expressions for physical quantities such as the spectral density and the scattering matrix.
In the two-excitation sector, we show that strictly linear dispersion relations exhibit the special property that
the corresponding diagrammatic perturbation series terminates after two terms, again allowing for closed-form
expressions for physical quantities. In the case of general dispersion relations, notably those exhibiting a band
edge or waveguide cutoff frequencies, the perturbation series cannot be summed explicitly. Instead, we derive a
self-consistent 7-matrix equation that reduces the computational effort to that of a single-excitation computation.
This analysis allows us to identify a Fano resonance between the occupied quantum impurity and a free photon
in the waveguide as a unique signature of the few-photon nonlinearity inherent in such systems. In addition,
our diagrammatic approach allows for the classification of different physical processes such as the creation of
photon-photon correlations and interaction-induced radiation trapping, the latter being absent for strictly linear
dispersion relations. Our framework can serve as the basis for further studies that involve more complex scenarios
such as several and many-level quantum impurities, networks of coupled waveguides, disordered systems, and

nonequilibrium effects.
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I. INTRODUCTION

Presently, research on nanoscale quantum-optical (NQO)
systems is witnessing an increasing amount of attention
worldwide and several distinct experimental approaches have
been developed to a point where the realization of complex
functional elements becomes feasible. Aside from ordinary
integrated optical waveguides and photonic crystals with
embedded quantum impurities [1-3], these systems also
include superconducting waveguide-QED settings [4,5] and
fiber systems with nearby trapped atoms [6]. In view of
the fact that efficient integrated single-photon sources [7-10]
and advanced integrated single-photon detectors [11-14] are
available, the design and control of few-photon nonlinearities
moves more and more into the focus of research efforts [15,16].
Such integrated sources, integrated detectors, and controlled
few-photon nonlinearities represent the basic building blocks
for future integrated quantum information processing tech-
nologies [17].

From a theoretical angle, the transport of few photons
in waveguiding systems and their interaction with quantum
impurities exhibits certain similarities with nanoelectronic
transport problems so that several methodologies of electron
transport theory have been adapted to the analysis of NQO
systems. These include (i) a Bethe-ansatz approach [18], the
Lehmann-Symanzik-Zimmermann reduction technique [19],
and the input-output formalism [20] for determining the
multiparticle scattering matrix and (ii) a Green’s-function
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approach has been developed that exploits the chirality of
effective low-energy field theories which are derived from
the basic Hamiltonian [see Eqs. (1) and (2)] [21]. These
approaches have also been extended to the case of many
photons [22,23] and more complicated quantum impurities
[24]. Furthermore, direct numerical approaches have been
developed [25-27], some of them going beyond the rotating
wave approximation that is implied with the aforementioned
basic Hamiltonian [28].

In this work, we develop a versatile quantum-field-
theoretical framework for the analysis of NQO systems that
consist of combinations of photonic waveguiding elements
with embedded quantum impurities. Our framework is based
on a path-integral formulation and the construction of asso-
ciated Feynman diagrams. This facilitates the formulation of
an efficient Green’s-function technique. We demonstrate the
efficiency of our framework by rederiving the main results
of the above-mentioned approaches and extending them to
arbitrary dispersion relations, notably for the case of two
photons. In addition, our approach provides detailed insights
into the physical processes that underlie photon correlations
effects and the existence of bound photon-atom states in such
systems.

The paper is organized as follows. In Sec. II, we describe
the basic physical model and provide the corresponding path-
integral formulation in Sec. III. This leads to a representation
in Feynman diagrams which we elaborate on in Sec. IV. As

©2016 American Physical Society


http://dx.doi.org/10.1103/PhysRevA.93.013828

MICHAEL P. SCHNEIDER et al.

AV AV S i

FIG. 1. Graphic representation of the model considered in this
work: a tight-binding bosonic chain with interchain hopping ¢
(representing a photonic waveguide) is site coupled to a fermionic
two-level system with level spacing 2 and the few-photon transport
through this system is studied.

Green’s functions are the central element of any diagrammatic
approach, we discuss their properties in the single- and two-
excitation sectors in Secs. V and VI, respectively. The results
are summarized in Sec. VII, and several technical aspects are
relegated to appendixes.

II. MODEL

We consider a one-dimensional bosonic quantum wire
formed by a chain of sites to which a (fermionic) two-level
system (TLS) is side coupled, as sketched in Fig. 1. The
corresponding Hamiltonian is given by

" i Q. i
H=—t Z(axaxH +Hc)+ 50+ U(aj6- +H.c), (1)

where &i is a bosonic creation operator at site x, ¢ is the

in-chain hopping constant between nearest-neighbor sites of
the wire. The TLS is described by the level spacing €2 and the
corresponding Pauli matrix 6,. The coupling (with strength
U) between the quantum wire and the TLS is facilitated
by the product of the TLS lowering operator 6_ and the

photon creation operator &j(. Further, H.c. denotes Hermitian
conjugation and all lengths have been scaled by the lattice
spacing a. This prototypical Hamiltonian thus describes the
propagation of photons in a waveguide that interact with an
embedded quantum impurity, the TLS, within the rotating
wave approximation. At this point, we would like to note
that the above bosonic sites could be regarded as identical
physical resonators that are coupled through overlapping field
distributions. Such systems have been fabricated in coupled-
resonator [29], photonic crystal [30], and fiber-optical [31]
settings, and their cosine-type dispersion relation has indeed
been observed. Alternatively (and more generally), these
bosonic sites could be regarded as the numerical discretization
of an arbitrary waveguide with a given dispersion relation.
This dispersion relation can be modeled by going beyond
the nearest-neighbor hopping in the bosonic chain. However,
typical waveguide dispersion relations usually feature (i) slow-
light regimes in the vicinity of band edges or waveguide cutoff
frequencies and/or (ii) frequency ranges with an almost linear
dispersion relation. The tight-binding model, too, exhibits
these features for frequencies near the edges and in the middle
of the band, respectively, so that this model may serve as a
good approximation for specific frequency ranges of general
dispersion relations.
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Upon spatially Fourier transforming Eq. (1), we obtain
A Q U B
A=Y elala, +=6.+—Y (@6_+Hc)., (2
- k™k 2 z \/Z p k

where L is the system size and e(k) = —2fcos(k) is the
dispersion relation of the tight-binding chain. Note that the
above Hamiltonian conserves the excitation number

N 1
k

which means that the Hilbert space factorizes into subspaces
of constant excitation number (as a matter of fact, we will only
consider the cases (1\7 ) =1 and 2 here). As a last step, we
replace the Pauli spin operators by auxiliary fermions,

6, =¢éle—g'g, 4)

6_=gle, 5)
which requires that the constraint
dlet+glg=1 (6)

has to be fulfilled. Here, ¢ and g1 are, respectively, the creation
operators of the excited and ground states of the TLS. Hence,
the Hamiltonian which we use for the remainder of this work
is

5 Q
A=Y ekala, + S@le—gig)
k

U At At
+ ﬁ ;(ange + H.c.). (7

The Hamiltonian (1) exhibits strong similarities to well-
known models in quantum optics and condensed-matter theory.
Specifically, the Hamiltonian could either be seen as a spin-
boson model, a multimode generalization of the Jaynes-
Cummings model [32], a Dicke model [33], or a spinless
version of the Anderson impurity model [34] consisting of a
bosonic waveguide and a fermionic impurity (or, equivalently,
a spinless version of a bosonic Anderson impurity model where
the impurity exhibits a U — oo onsite interaction, see Refs.
[26,35]). As discussed above, this invites the adaptation of
tools that have been developed for the analyses of these models,
albeit bearing in mind the different physics and the resulting
different questions that shall be addressed. In fact, path-integral
and related Green’s function techniques are among the most
flexible approaches, allowing for closed-form solutions in
simple cases and providing efficient perturbative approaches
for challenging cases such as disordered systems [36] and
systems out of equilibrium [37].

III. PATH-INTEGRAL APPROACH

We begin our exposition by defining the Green’s function
as the matrix element of an initial and a final state at different
times

Glty — 1) = —i(fle~ ' A0 iy, )

where H is a generic Hamiltonian. In addition, |i) and
| f) represent, respectively, the initial and the final state.
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For a path-integral representation, we utilize the resolution of =~ where ¢ = 1 for complex fields, ¢ = 0 for Grassman fields,
unity via coherent states and « labels the set of associated one-particle states (| V) (Ve |
being the corresponding projection operator). Inserting this

1 *
= — / l_[ dyredyie” Lo ViV [Va) (Yal, 9 resolution of unity twice into Eq. (8) yields
Qi) 5
|
Gty —t;) = —i f [ [dvimd i d v pud i e En ViV =2 Vialin( £ 13 ) (i) G(fois tp — ). (10)

m,n

Here, G(f,i,t; — t;) is given by

G(foisty — ;) = <wf|e‘ff7 HOt |y, (11)

so that the labels i and f represent the initial and final fields v; and ¢, respectively. In the above equations, the indices m
and » run over the number of different modes that occur in the generic Hamiltonian H by virtue of corresponding creation and
annihilation operators.

In the case of the Hamiltonian given by Eq. (7), we have to introduce three types fields: complex fields ¢ for the bosonic
modes in the waveguide and two Grassmann fields n and y, which correspond to the fermionic operators é and g, respectively.
With these definitions, Eq. (10) reads as

Gty —1;) = —i f [ [deinde;dd ides e 2 Pudis=2u@hubsk (ph | ) (i Iph, )G (fuis ty — 1), (12)
k., k'

where we have absorbed the integration over the Grassman fields into
G(fiisty —t;) = / dyidyi*dyfdy;dn,»dn;kdnfdn_”}e*yf*”7y;yf7"r""7"-*fnf

_ I/ N
X ATLS ¢lyne)(yiniITLS; ) {(drysnyle i B0 i) (13)

In the above equations, we have employed a decomposition of the system’s initial state into a product of a part for the photons
with a part for the two-level system

i) = Iph;) ® [TLS;). (14)

In addition, we have employed an analogous decomposition for the final state.
For the calculation of G(f,i,f; — ;) we mainly follow the lines of Ref. [38], so that we will restrict ourselves to the relevant
intermediate steps. Upon inserting the resolution of unity N times in Eq. (13), we arrive at

G(fisty —t;) = / dy;dy;dyydyfdnidn}dn pdne™ " VTITITLS ly ) (yini [ TLS;)

N N-1 * * *
« lim l_[ l_[ l_[ don kdey, dnndn,dy,dy, o SnsOusl it ) g H G bl Y Vi) (15)
N—oo 2mi ’
m=1 n=1 k

tr—t;
where A = -~ and

H@u vV ) = Y €®nidy g+ 5 0y = vavi) + NG D @i+ mvai$urs). (16)
k k

The labels n = 0 and N correspond, respectively, to the initial and final fields. Next, we integrate out the intermediate fermionic
degrees of freedom and obtain

G(fuisty — ;) = / dyidy;dysdyjdndnfdnpdnye™ 77T (TLS fly pn ) (vini | TLS:)

N—o0

N-1
Ao rdo; A _ .
1 TRk =3k Onks [1—ike(K)] LG\ R(D.9%)Go
x lim /1_[1_[ = e k k eln . (17
n=1 k

Here, we have introduced the following abbreviations:

gi = i,v), R(@,¢™) = R(dn.dy_1) ... R(d1,9p),
1 —irQ/2 0

o U 0 di—ix
R(¢;,¢[1)—( 0 1+im/2)_”\ﬁ;(¢§ik 0 )
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The TLS can either be in the excited or in the ground state.
Thus, we can write the TLS state as a vector

le)
ITLS) = , (19)
1g)

which induces a matrix structure to G(f,i;1f — ;)

Pt — 1) — Ge(foisty — 1) Ga(fiisty — 1)
g(fal,tf 1) = (gem(f,l.;l‘f—fi) gW(fvi;tf—l‘i)).

(20)

The nomenclature of this matrix notation is as follows. We
denote the case when the TLS is excited in the initial as well
as in the final state by the diagonal element G.. Consequently,
G. covers the dynamics of the quantum impurity, i.e., the TLS
that interacts with photons from the waveguide so that we call

J

N-1
Ge(fiisty —1;) = lim/
N—o00

n=1
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it the TLS Green’s function. Similarly, we denote the case
when the TLS is in the ground state for both the initial and the
final state by the diagonal element G,,. Clearly, this quantity
describes the dynamics of the photons in the waveguide in the
presence of the TLS and we, therefore, call it the waveguide
Green’s function. The off-diagonal element G, features that
the TLS is initially in the ground state, but ends up being
in the excited state. This means that the TLS has absorbed a
photon, hence, we call G,, the absorption Green’s function.
Clearly, Gem covers the complementary process and we call it
the emission Green’s function.

We now utilize the fermionic resolution of unity and the
identities [38] (e|ny) = n, (glny) = y,and ny* = e " — 1
to perform the last integration over the fermionic fields. We
will restrict ourselves to the TLS Green’s function, the other
Green’s functions can be determined in exactly the same way.
Following the procedure in Ref. [38], we find

G d¢knd¢k 1 g T butia =] R . @b
k

In the next step, we want to integrate out the bosonic fields. Therefore, we use the matrix R(¢,¢*) [see Eq. (18)] and expand it

up to O(A). Taking the limit N — oo at the end, we find

o] iU r ti—ty by d m, d m,
ge(f,l.;tf_ti)=2(lﬁ> /0 dt2,/0 dtz,._l.../o dtll_[l_[ ¢’ k ¢ k

r=0

x Gy or tr —

0 -y, ¢ -
XG (D51 Dor—2.trr—1 — trr_2) € L b2k Z G2k - --
X

Here, we have introduced the free propagators of the excited
TLS

GUPT ) = '3 eXadine o (23)
and the waveguide
GU@F 1) = 3! Xl s (24)

Further, we would like to note that at this point the correspon-
dence to an ordinary perturbation series becomes clear. We
have vertices with strength % at which a photon is annihilated
or created and the free propagation of photons or excitations
between two successive scattering events.

In order to calculate the full Green’s function, we have to
evaluate Eq. (12). For an n-photon state, the projection on the
coherent states is given by

(kiky ... knlp) = o1k, - - - P, - (25)

Inserting these bosonic fields and integrating out the bosonic
variables finally yields the full Green’s functions. As our basic
(and equivalent) Hamiltonians (1) and (2) conserve the total
number of excitations [cf. Eq. (3)], we proceed by evaluating

— * N 0 =Dk Do 1 Por—
tl‘ — t2r) e Zk P2 ik Z ¢2r,kgw(¢;r a¢2r—] o — t2r—l) e Z“ b Mlﬁz Lk Z ¢;r—l$k
k k

G(@1.¢0.11). (22)

(

the TLS Green’s function explicitly for the single- and two-
excitation sectors. The excitation number is represented by
a prefix to the Green’s functions. To summarize, a generic
Green’s function is of the form NG%, where N indicates the
excitation number, 8 denotes the initial and final states of
the TLS according to Eq. (20), and « describes the level of
interaction taken into account, i.e., « = 0, for a free Green’s
function and a blank space for the full Green’s function.

A. Single-excitation sector

For a single excitation, we start the evaluation of the TLS
Green’s function | Ge(f; — t;) by noting that we have an initial
and final state where the TLS is excited and there are no
photons in the waveguide. The TLS Green’s function then
reads as

1Gelty — ;) = —i f Hd¢f,kd¢},kd¢i,k’d¢;fk/

k,k'

x e Lkt bin G (fitr — 1), (26)
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The dependence on the fields ¢ ¢, ¢; is easily integrated out and
we obtain

1Gelty — 1;)

i ( iU )2] /t;—lfd tzjd th
= —i — t2~/ 12'71“--/ 151
= VL 0 ) ! 0

k

x1Go(trj1 — hj-2) ... 1Gty — 1)
=> 16ty —1). 27)
J
We note that every term of the sum has the form of

a Dyson series and represents a convolution |Gc) ~
1GY % 1GY % 1GY ... % |G with

2j+1 factors

GO = e, GOkt = €' FeT M (28)

By means of the convolution theorem, we can recast this in
Fourier space as an algebraic equation
o0

1 1
lGe(w):;w_Q/Z-l-i(S{w—Q/2+i5
U2/L g
XXk:erQ/z—e(k)Jria}' 9

Here, we have introduced the factors +id because we are
working with retarded Green’s functions, i.e., the limit
8 — 0+ should be understood.
The above equation can readily be solved, and we arrive at
the main equation of this section, the TLS Green’s function
1Ge(w) in the single-excitation sector:
1

(W) = , 30
e Y RN RIS G0
where the self-energy | X (w) is given by
2
1
Y(w) = — . 31
12(@) sz+§2/2—e(k)+i5 3D

k

The waveguide Green’s function in the single-excitation sector
can be calculated in a similar manner as the above TLS Green’s
function. The main difference lies in the fact that the initial
and final states feature a free photon. As a result, one has to
add free-photon fields in Eq. (26), which yields

1Gwlkikpsty —1;)
— / [T dos1dddndd ol brs,
k,k'
x e TR b bi G (fisty — 1), (32)

Performing the integrations and again transiting to momentum
space results in
1Gw(ki ks ) = 1GY (ki )8y, ,

U2
+ 1GY (ki3 @) 1Ge(@) 1 GY (k1 0), (33)
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where
1

o+ Q)2 —ek)+is"

The expression (33) for the waveguide Green’s function
1Gw(k;,k¢;w) consists of two terms, which can be iden-
tified with free propagation of the photon and scattering
off the (renormalized) TLS, respectively. The corresponding
absorption and emission Green’s functions are derived in
Appendix A, together with their diagrammatic representation.

1GY (k) = (34)

B. Two-excitation sector

In this section, we consider two excitations in our system.
Again, we start with determining the Green’s function for an
excited impurity in the initial and in the final state, i.e., the TLS
Green’s function ,G.. The starting point is the general expres-
sion given by Eq. (12). As compared with the single-excitation
case, the only difference is that, according to Eq. (25), we now
have an additional bosonic excitation in the in and out state.
Consequently, for this specific case G(t; — t;) reads as

2Gelkikypsty —t;)
— / [ dsad’dbesd st s,

k,k'
x e DOl G (fiity — 1), (35)

where G.(f,i,ty —1;) is given by (22). Integration over the
bosonic degrees of freedom is performed along the same lines
as in the previous subsection. Again transiting to momentum
space, the Green’s function is given by
2Gelky ki 0) =2Ge (ki )3, k,
U2 T 0 r
+ A 2G, (kis ) 2G, (ky,kis @) 2Gy(ky; @)

U4
+ 23 2 2Gkiz @) 26y ki k; ©)
k

X 2Gl(k; ) 2GYk.k g3 ) 2 Gl (ks )

o (36)
where
0 /. _ 1
2GR = e el —etn s )
and
1
Gk w) = (38)

w—Q/2—ek)+i8 —Z(k;w)’

Here, the superscript r indicates that the TLS Green’s function
is already renormalized by the self-energy

U2
2k 0) = — kz 2G (kK ). (39)

While we cannot express »Ge(ks,ki; @) in closed form,
we can recast Eq. (36) in a T-matrix representation which
can easily be accessed numerically. Explicitly, the 7-matrix
representation reads as

2Gelky kis ) = 2Gy(kis @)y, &,

+ 2G(ki; )T (kg ,kis ) 2Ge(kp3 ) (40)
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with the 7 matrix
U2
T (ks kis 0) = Tzca(kf,ki;a»

2

U
+ ij 2GY (k,kis ) 2 GE(k; ) Tk ¢,k ).

(41)

The above T-matrix representation of »Ge(k s, k;; ) [Egs. (40)
and (41)] constitutes one of the main results of our work.
Equation (40) describes the nontrivial behavior of the TLS in
the presence of an additional photon. Clearly, the result is more
complicated than in the single-excitation case, where we were
able to solve a standard Dyson equation. In the present case
of two excitations, however, we have found a self-consistent
description of the Green’s function, which can be solved
numerically for arbitrary dispersion relations. Furthermore, in
the special case of a linear dispersion relation, the TLS Green’s
function can even be calculated analytically (see Sec. VI B).

The corresponding waveguide Green’s function, which
describes the behavior of two photons in the presence of an
impurity in the ground state, is given by

2Gywki,piky,prity —1;)

= _i/l_[d¢f,kd¢;,kd¢i,k/d¢;jk’¢i*,ki¢;j[7i¢f,kf¢f,l’f

k,k’
x " DTk MG (fity — 1), (42)

After performing the integrations, the waveguide Green’s
function finally reads as

2Gw(w7kf'ap‘f'aki7pi)

= 2G3,(ki,1?i;w)(5ki,k/~5p,,p,~ + 8.p Opik;)
U2
+ T ZGa(kai»Pi)ZGzym(kivPika»pf;a))

x 2GY(w,ks,py), (43)

where ,G¢™ is a symmetrized version of the full TLS Green’s
function and is given by

2GY" (ki piky, pyiw)
= 2Gelky,kis ) + 2Gelky, pis @)
+2Ge(pr.kiso) + 2Ge(pr, pis w). (44)

For the case of two excitations, the full waveguide Green’s
function Gy (w,k ¢, pr,k;, p;) exhibits the same structure as in
the single-excitation sector. It consists of a free propagation
term and a second term that describes the scattering off a
renormalized TLS. For the absorption and emission Green’s
functions, we provide the expressions for the two-excitation
sector in Appendix B along with their diagrammatic represen-
tation.

IV. FEYNMAN DIAGRAM REPRESENTATION

In this section, we illustrate the formulas obtained by
the path-integral approach by way of Feynman diagrams.
Specifically, we will refrain from providing a rigorous deriva-
tion of the full diagrammatic technique but will instead

PHYSICAL REVIEW A 93, 013828 (2016)

TABLE I. Table of the representation of the individual species
and the interaction vertex in terms of Feynman diagrams.

Photons | le) ‘ lg) | Vertex

represent the equations of the previous section by Feynman
diagrams. This “visualization” provides a clear identification
and interpretation of physical processes and, as already alluded
to above, facilitates a very flexible and efficient framework for
perturbative analyses.

In general, the Hamiltonian given by Eq. (7) features three
distinct species of quantized excitations, i.e., bosons (photons)
with a mode index k and two types of fermions, representing
the excited and the ground state of the TLS. In the following
diagrammatic representation, these excitations will be depicted
by a wavy, a dashed, and a solid line, respectively. This
mapping is also shown in Table I for clarification. Apart from
these diagonal contributions, Eq. (7) also features a scattering
vertex, which connects the individual lines and is also shown
in Table I.

As much of the physical insight to be gained originates
from a comparison of the results for the case of a single
excitation with the case of two excitations, we will proceed
in a corresponding sequence of subsections.

A. Single-excitation sector

In the case of a single excitation our first goal is to depict
the TLS Green’s function | G, in terms of Feynman diagrams.
Upon inspecting Eq. (27) we find two distinct contributions.
The first contribution stems from

G~ = FO = e

and describes the propagation of an excited TLS from time ¢
to ¢'. The second contribution is given by [cf. Eq. (28)]

t) = (Gt —t) pie(R)(t' —t) _ AVAVAVAVAV

PR C——

(46)

1GO (b, t —

9

and describes the simultaneous transport of a TLS in the
ground state together with a photon in the waveguide from
time 7 to #’. Furthermore, we can infer from Eq. (27) that each
vertex is weighted by a factor i U/+/L. Combining everything
we can rewrite the TLS Green’s function diagrammatically as

013828-6
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where each vertex provides an integration over internal times.
Additionally, each photonic line sandwiched between two in-
teraction vertices implies a summation over the corresponding
momentum. At this point, we are able to exploit one of the
main advantages of the diagrammatic approach and provide
an interpretation of the individual terms in the perturbation
series in terms of physical processes: The excited TLS goes to
the ground state by emitting a photon. This photon is absorbed
at a later time, setting the TLS to the excited state again. This
process is repeated n times in the nth term of the perturbation
series.

In the frequency domain, the convolution integrals associ-
ated with the time-domain diagrams turn into simple products,
so that we may retain the free propagation and the bubble
diagram as well as the entire perturbation series. Therefore,
in the frequency domain, no integration with regards to the
scattering vertices is implied and per bubble only a weighting
factor of U/~/L is implied; furthermore, the global prefactor
—i can be omitted. However, each sandwiched photonic
line still comes with a summation over the corresponding
momentum. Explicitly, the free TLS Green’s function reads
as

1
e > =

_ 0
~o—apra GW:

(48)
Similarly, in the frequency domain, we evaluate the bubble
diagram after cutting it free from the interaction vertices to

ANNANN 1
w+Q/2—e(k)+io

R S

1GY, (ks ). )

In the time domain, this Green’s function describes the
simultaneous propagation of a TLS in the ground state and
a photon in the waveguide. Since both excitations are created
and annihilated at the same times, the Fourier transform yields
only one frequency argument and leads to the analytic form
shown above.

As usual, we can cast the perturbation series (47) into the
form of a self-consistent Dyson equation

) = — (@)~ -
(50)
el N

which can be readily solved and we obtain Eq. (30) with the
self-energy

) = T Y1 ks w) = m
k

By the same token, the full waveguide Green’s function is
given by Eq. (33) and we can represent it in a diagrammatic
form

1Gwlkp kisw) =+ ;ﬁ@ﬁ (52)

(51

PHYSICAL REVIEW A 93, 013828 (2016)

This expression comprises two terms. The first term on the
right-hand side corresponds to the free propagation of a
photon and the TLS in the ground state while the second
term on the right-hand side describes the scattering off the
(renormalized) TLS. Upon reinserting Eq. (47) into (52), we
obtain the perturbation series of the full waveguide Green’s
function. At this point, we would like to note that the full
waveguide Green’s function still carries only one frequency,
which is a manifestation of the fact that both the photon and
the ground-state propagation start and end at the same time.

B. Two-excitation sector

We now turn to the case where we have an additional photon
in the system, i.e., we want to develop the diagrammatic
description of Sec. III B. From Eq. (36) we know that the
perturbation series for the TLS Green’s function consists of
two Green’s functions, which we will depict diagrammatically
as

9GO (kK sty —t;) = "N\ (53)
ANNANN
and
2GUMW*EF:77C>77 (54)

ANANNS
Just as in the single-excitation case, these Green’s functions
describe the propagation of the excitations over a given time
interval from # to ty [this behavior can be immediately
understood by the single frequency dependence in Eqs. (37)
and (38)]. The Green’s function ng(k,k’; ty — t;) describes
the simultaneous propagation of two photons with momenta k
and k', together with a ground-state field of the TLS. Similarly,

the Green’s function ,G;(k; t; — t;) represents the propagation
of an excited TLS and one additional photon. In addition, in
Eq. (54) we have already encapsulated bubblelike renormal-
izations into the excited TLS propagation (as discussed in the
single-excitation case).

With the help of these basic Green’s functions, we can
now rewrite the TLS Green’s function in the two-excitation
case as given by Eq. (36) within the Feynman diagrammatic
formulation as

ZGC(ka k/ﬂ tf_tl)

(55)

Here, the dotted lines serve as indicators that separate
distinct Green’s functions from each other and, in the time-
domain formulation, imply an integration over the associated
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intermediate times. Furthermore, the momentum of the free
photon is conserved (as long as it does not interact with a
vertex), each interaction vertex provides a factor iU/ VL, and
photons sandwiched between two interaction vertices imply a
summation over the corresponding momentum (this applies for
the upper, sandwiched photon in the third term, for example).
For the interested reader, we have presented the way to the
equal-time Green’s functions in Appendix C.

This diagrammatic formulation of the TLS Green’s func-
tion’s perturbation series in the two-excitation case provides a
clear physical interpretation. The first term of the perturbation
series corresponds to the situation when the TLS is excited
and the additional photon is and stays free throughout the
entire propagation. In the second term, the excited TLS emits
a photon at some intermediate time, so for a given period of
time two photons exist in the waveguide and propagate freely
along with a free propagation of the TLS in the ground state.
After a certain time, the initially free photon is absorbed by the
TLS, whereas the other photon continues to propagate freely.
Clearly, this induces correlations between the photons. In the
higher-order terms of the perturbation series, this process is
repeated many times, which effectively leads to photons that
are emitted and reabsorbed, while the respective other photon
is scattered by the TLS. Finally, we would like to note that
all processes where the TLS directly reabsorbs the originally
emitted photon without intermediate scattering are contained
in the self-energy bubbles. In the case of a frequency-domain
description, the intermediate convolutions integrals translate
into multiplications and the common time dependencies of
the individual free-particle propagators that comprise the TLS
Green’s function lead to a single frequency argument, just as
has been the case for the single-excitation case.

The full waveguide Green’s function is given by Eq. (43)
and can be obtained by adding free waveguide Green’s
functions to the full TLS Green’s function ,G.(k,k’,®) in
a symmetrized way [see Eq. (43)] and by augmenting the
perturbation series by a further term that takes into account the
free propagation as described by Eq. (53).

A general and very important property of the system is
that the TLS cannot interact with free photons if it is in the
excited state. It is exactly this property which renders the
system nonlinear, so that it is interesting to see how this
feature translates into the diagrammatic formalism. For a
linear system (e.g., a one-dimensional waveguide with a
site-coupled bosonic quantum dot instead of the TLS) with
two excitations, we could just take the square of the single-
excitation propagator, which, in our model, would lead to
double excitations of the bosonic quantum dot. As already
noted, the two-excitation Green’s functions which we use
have only one time dependence, so that the particles (photons
(bosons) and the two fermions corresponding to the TLS in
the ground and excited states, respectively) are created and
annihilated at the same times. This means that the second
term on the right-hand side of Eq. (55) can be interpreted as
follows. A photon and an excited TLS are created at time #; and
propagate up to an intermediate time t. At this time, the TLS
emits an additional photon and goes to the ground state, until at
time ¥ > 7 one photon is absorbed and the other one remains
free. As all Green’s functions in this series are retarded, at
no point in time can double excitation of the TLS take place.
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As a result, the few-photon nonlinearity emerges and induces
complex correlations between the photons [39].

V. PROPERTIES OF THE GREEN’S FUNCTIONS IN THE
SINGLE-EXCITATION SECTOR

After having established the diagrammatic formulation of
the theory in the single- and double-excitation cases, we
now turn to the examination of the single-excitation Green’s
functions and will establish the connection of our framework
to the other approaches discussed in Sec. I.

In Sec. II, we have introduced the waveguide as a one-
dimensional chain of length L with nearest-neighbor hopping,
thus exhibiting a cosine-shaped dispersion relation €(k) =
—2¢ cos(k). Although we employ the cosine-shaped dispersion
relation in this section, we may also use other dispersion
relations (see the discussion in Sec. II). Specifically, we will
also consider a linear dispersion relation with group velocity v,
i.e., €,(k) = pvk, which is a good approximation for photons
in the center of the cosine band. As already indicated in the
dispersion relation, we then have to introduce a new quantum
number, the chirality 4 = R/L = +/— in order to account
for the fact that we have both right- and left-moving photons.
Furthermore, we pass from a set of discrete sites to a continuum
description, which means that we replace all sums over real or
reciprocal space by corresponding integrals and replace L by
2r.

In the continuum limit, Eq. (31) is given by

dk 1
12(w)=U2/— .
2 w4 /2 — e(k) +i0

dk 1
=U27>/——
o+ Q)2 — k)
dk 1
—inU? | — Y 8k —ky)——
7 /2nzn: k= k) ook

where P denotes the Cauchy principal value and the &, are
given by the roots of w + 2/2 = €(k). If all these roots are real
(i.e., the energy is in the band), the principal value in Eq. (56)
becomes zero. Moreover, the second term can be identified
with the density of states of the free waveguide v(w). This
gives

., (50)
k=k,

1 Z(w) = —inUv(w). (57)

As a result, we find that the self-energy for the cosine
dispersion as

U? w+Q/2+i5 -2t
1 cos(@,82) = ; - >
o+ QN2+ -2t 0o+ Q2/24+i6+ 2t
(58)
and for the linear dispersion as
U?
1 Ziin(w) = i (59)

In the case of linear dispersion, the frequency-independent
density of states leads to a frequency-independent self-energy.
The self-energy of the cosine band exhibits a more complicated
structure: it is purely imaginary when w lies inside of the band
and purely real when w is outside the band. Note that the given

013828-8



GREEN’s-FUNCTION FORMALISM FOR WAVEGUIDE QED ...

0.7

0.6}

0.5}

0.4}

AWw)

0.3f el .
0.2} J

-
- S
0.1 e SN

_________

0.0——73 1 0 1 2

FIG. 2. Spectral density of the TLS with Q =0, U =1,v =1,
and ¢t = 1 for the linear (black, dashed line) and cosine (red line)
dispersion relation. @ is measured in units of v (¢) for the linear
(cosine) dispersion relation and the spectral density in units of v~
(t7"). The spectral density of the cosine band clearly displays the band
edges and features spectrally ultrasharp bound states in the band gaps
on either side of the band (when plotting the spectral density for the
cosine band, we have introduced an artificial broadening é = 1074
in order to enhance the visibility of the bound states). By contrast,
the spectral density for the linear dispersion relation corresponds to
a simple Lorentzian.

representation of the self-energy is chosen in such a way that
the square root is evaluated at the correct side of the branch
cut.

With these two self-energies, we are able to compute the
spectral density of the TLS in the single-excitation case as

1A(w) = —%Im[ 1Ge(w)]. (60)
In Fig. 2, we depict the spectral density for both dispersion
relations. The spectral density for the linear dispersion relation
is a simple Lorentzian with width U?/v. In the case of the
cosine dispersion, we clearly observe the frequency span of
the band. In addition, we observe two sharp spectral lines in
the band gaps on either side of the band that correspond to
two atom-photon bound states [19,26,35]. We would like to
point out that we have chosen a finite (positive) value for 4.
This can be interpreted as a (weak) dissipative environment
independent of the energy, which is coupled to the TLS.
Since the linear dispersion relation covers the whole energy
range and the dissipation is very weak, no qualitatively new
results are obtained. The cosine dispersion relation, however,
covers only a limited energy range. In this case, a finite § thus
introduces dissipation for energies outside of the band, where
the most apparent effect is a broadening of the atom-photon
bound states.
Furthermore, knowledge of the Green’s functions enables
us to compute the scattering matrix (S matrix)
Sk,p = Ok, p +i2md(e(k) — e(pP) Tk, p, (61)
where we have obtained the transition matrix (7 matrix)
via the Lehmann-Symanzik-Zimmermann (LSZ) reduction
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formula [40-42]

iTy., = —iGy' ()G, p)Gy' ()], -

In this expression, Go(k) and G(k, p) denote, respectively, the
free and the full, time-ordered Green’s functions. Further, the
subscript os indicates that the expression is taken on shell,
i.e., the scattering is elastic (or alternatively w = ) ; €(k;) =
> ’ €(ks), where the sums are over the initial and final
momenta, respectively). Using Eqgs. (34) and (33) for the free
and for the full Green’s functions, respectively, and omitting
the free propagating part yields

(62)

U2
l'Tk,p = —iE 1Ge(w)

os

(63)

We now rewrite the energy-conserving § function that imple-
ments elastic scattering in terms of § functions with momentum
arguments and the density of states of the free waveguide

8(e(k) — €(p)) = (b, p + Sk, —p)- (64)
Upon combining Egs. (61) and (63) with Eq. (64) yields
Sk.p = (A + 1)k p + 140k —ps (65)
where the reflection amplitude r; is given by
—imvU?
e e (66)

T ) — Q2 +invU?

In order to compare our results with the results from earlier
works [18,19,43], we perform a shift of the energy w — w —
/2. Explicitly, for the linear dispersion relation we obtain

—iU? /v

lin
= 67
k vk—Q+iU%)v (©7)
while we obtain for the cosine dispersion relation
—iU? 1
rcos _ ! (68)

k7 2t sin(k)| =2t cos(k) — Q2 + iU2/2¢t| sin(k)|

Indeed, these expressions are in agreement with the results
obtained in earlier works by way of Bethe-ansatz and LSZ
techniques [18,19,43].

VI. PROPERTIES OF THE GREEN’S FUNCTIONS
IN THE TWO-EXCITATION SECTOR

In correspondence with the single-excitation case, we now
proceed to analyze the Green’s functions in the two-excitation
case for the cosine and linear dispersion relations. In addition,
we discuss the effect of band edges and bound photon-atom
states on the perturbation series.

A. Cosine dispersion relation: Discrete waveguide

The full Green’s function of the TLS is given by Eq. (36) in
the form of a perturbation series. This perturbation series can
be cast in the form of a T-matrix equation, given by Eq. (40).
For a discrete waveguide, we can solve this equation simply
by (numerical) matrix inversion and we defer the discussion
of the continuum limit of the cosine band to Secs. VI B (band
center, approximately linear dispersion) and VIC (band edge,
approximately quadratic dispersion).
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FIG. 3. Two-excitation spectral density , A(7/2,) [obtained via
the Green’s-function approach (solid blue line) and DMRG (dashed
red line)] of the TLS with 2 = 0.3 and U = 1 for a tight-binding
waveguide with L = 600 discrete sites and cosine dispersion relation
€(k) = —2t cos(k) (t = 1), together with the corresponding single-
excitation spectral density ; A(w) (black dotted). w is measured in
units of ¢ and the spectral density in units of t~!. In ,A(7/2,w),
we clearly observe a Fano resonance just below w = 0 (see text
for details). This Fano resonance is absent in the single-excitation
spectral density of the TLS. When plotting the spectral densities,
we have introduced an artificial broadening § = 0.04 in order to
enhance the visibility of the Fano resonance and to improve numerical
convergence.

We define the two-excitation spectral density of the TLS as

1
2Ak,w) = —;Im[zGe(k,k;w)]. (69)

In Fig. 3, we depict the two-excitation spectral density of
the TLS ,A(7/2,w), and compare with the corresponding
single-excitations spectral density | A(w) (see Fig. 3 for details
of the systems). While both spectral densities exhibit an overall
similar behavior, we observe an additional feature in the
two-excitation spectral density which we attribute to a Fano
resonance between the occupied (renormalized) TLS and the
additional photon in the waveguide. A Fano resonance appears
when a broad continuum of states interacts with a single sharp
mode. In our case, the (smeared out) TLS plays the role of
the continuum whereas the additional photon acts as a sharp
resonance. We would like to note that we have introduced
an artificial broadening of § = 0.04 in order to enhance the
visibility of the Fano resonance and to improve numerical
convergence of the matrix inversion. As a result, the bound
states are not as sharp as in Fig. 2 and the band edges are almost
completely smeared out. Therefore, in order to make certain
that the broadening does not introduce artificial features, we
have confirmed the results of the matrix inversion displayed
in Fig. 3 via computations of the spectral density by using an
expansion in Chebyshev polynomials within the framework of
the density-matrix-renormalization-group (DMRG) technique
as described in [44].

In addition, we would like to stress that a similar Fano reso-
nance occurs in (analytically solvable) case of linear dispersion
(see Sec. VI B) so that we conclude that the occurrence of such
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a Fano resonance between the occupied (renormalized) TLS
and the additional photon in the waveguide is a generic feature
of the few-photon nonlinearity in the n-photon transport
through a waveguide with embedded TLS forn > 1.

Although we have solved Eq. (40) for a cosine dispersion
relation only, we would like to stress that our formalism
is certainly not limited to this case (see the discussion in
Sec. II). In fact, the T-matrix equation (40) is applicable to
every possible dispersion relation that can be realized in a
one-dimensional waveguide.

B. Linear dispersion relation

We now turn our attention to the case of an (infinitely
extended) linear dispersion relation €, (k) = pvk and thus
ignore the effects of band edges, notably bound photon-atom
states and slow-light regimes. Just as in the single-excitation
case, we transit to the continuum limit. Then, the self-energy
of the renormalized TLS Green’s functions is

U2
2Zn(ki ) = —i—, (70)
v

i.e., the same expression as in the single-excitation sector.
This suggests that the linear dispersion exhibits certain special
features so that, in contrast to the numerical treatment of the T’
matrix, we aim at directly summing up the perturbation series,
Eq. (36). Formally, we can rewrite this series as

2Gelkp kizw) =Y 2GOky kis ), (71)

Clearly, the first two terms of the series can be written
immediately, as no integration over internal momenta is
required.

The third term, however, is given by

U* [ dk
2GOk ki) = — / — 2G (ki3 ) 2 G (ki ks w)
21 21

X 2Gi(k; ) 2GY (kK 3 ) 2 Gk 3 ),
(72)

where the integral only extends over the three internal Green’s
functions. As all these Green’s functions have single poles that
are shifted into the upper half plane, it follows that the integral
and hence the entire third term in the series vanishes. As a
matter of fact, this argument can be applied to terms of order
higher or equal to three and this means that, in the case of a
linear dispersion, the full TLS Green’s function is completely
determined by the first two terms

2Gelky kis 0) = 2Gi(kis @) Sy, &,
Uz r 0 T
+ — 212G (ki; @) 2 Gy (kg ki 0) 2 G (k ;).

2
(73)

We are now in a position to provide a physical explanation
for this termination of the perturbation series for linear
dispersion relations after the first two terms by inspecting the
first vanishing Feynman diagram [i.e., the third diagram on the
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right-hand side of Eq. (55)] in the time domain

(74)

The particle of interest is the (intermediary) upper photon,
which is emitted and reabsorbed by the TLS. During the time
that the upper photon “lives,” the initial photon propagates and
eventually gets absorbed. After a while, the photon is reemitted
and propagates further for a certain time. The entire process
occupies a certain time 7 > 0. During this time, the upper
(intermediate) photon moves a certain distance due to the fixed
group velocity v > 0 of the linear dispersion and the absence
of back-scattering mechanisms. This means that the photon has
moved away from the TLS and actually cannot be reabsorbed,
hence the diagram vanishes. We would like to note that this
is a special property of the linear dispersion relation and does
not hold for general dispersion relations, notably not near band
edges and/or waveguide cutoff frequencies, i.e., in the vicinity
of slow-light regimes.

We have calculated the two-excitation spectral density
according to Eq. (69) and depict the results together with
the single-excitation spectral density in Fig. 4. Similar to
the numerical calculations for the cosine dispersion relation
we, again, find again a Fano resonance located at wp =
2vk — /2, which, however, is much more pronounced than in
the cosine-shaped dispersion case. Comparing both dispersion

FIG. 4. Two-excitation spectral density ,A(—1,w) (solid blue
line) of the TLS with Q =1 and U =1 for a waveguide with
linear dispersion relation €(k) = pvk and v = 1 considered in the
continuum limit, together with the corresponding single-excitation
spectral density ; A(w) (red dashed line). @ is measured in units
of v and the spectral density in units of v~!. We have shifted
the single-excitation spectral density ;A(w) by @ — w — vk, so
that the maxima of both plots overlap. The green dotted line is at
vk + /2 and indicates the maximum of | A(w). In ;A(—1,w), we
clearly observe a Fano resonance at w = 2vk — /2 (black dotted
line) which is more pronounced than for the case of tight-binding
waveguide in Fig. 3. As in the case of the tight-binding waveguide, this
Fano resonance is absent in the single-excitation spectral density of
the TLS. When plotting the spectral densities, we have introduced the
same artificial broadening § = 0.04 as in the case of the tight-binding
waveguide in order to enhance the visibility of the Fano resonance
and make the graph comparable to that in Fig. 3.
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relations, the Fano resonance appears in two different ways:
In the case of the cosine dispersion relation, the Fano
resonance emerges as a result of the self-consistent treatment
of the T matrix, whereas for the linear dispersion relation
it can be traced back to the second term in the perturbation
series ngz)(kf,ki; w). To be more exact, the Fano resonance
stems from the internal free waveguide Green’s function
2Go (ki k3 @), which is of the form (w — wp +i8)7!. As
a result, the Fano resonance is the consequence of a first-
order pole, regularized by a finite imaginary factor i§. For
sufficiently small §, the spectral density can thus even assume
negative values. However, one has to take into account that we
are not considering the spectral density of the full system,
but only of a part of it (i.e., the part stemming from the
TLS). Therefore, a negative spectral density is acceptable
and can be considered as some sort of “gain” (where the
energy is taken from the waveguide), indicating effects such
as photon bunching [18,39,45]. Moreover, we would like
to point out that the Fano resonance is less pronounced in
Fig. 3, although all energies (transition energy of the TLS,
photon energy) are in the linear regime of the cosine band.
We attribute this regularization to the self-consistent treatment
of the Green’s function, which is not possible for the linear
dispersion relation.

In fact, the deeper reason behind the termination of the
perturbation series for the linear dispersion is the separation
of the photons on the Hamiltonian level into two kinds
of photons (left- and right-moving ones). This changes the
symmetry of the original Hamiltonian, i.e., the chirality is
introduced as a new quantum number, and eventually leads to
the special analytic structure of the Green’s functions and, as
a consequence, to the termination of the perturbation series.

Finally, we can now construct the two-excitation S matrix
by generalizing the LSZ formalism presented in Sec. V.
Explicitly, the two-excitation S matrix is given as

Sk,pnkfpf = (akikaapivpf + Spi»kfaki»P/) +i278(E) Tkipi:kfpf’
(75)
where
S(E) = 8(e(ki) + €(pi) — elky) — e(py)) (76)

ensures elastic scattering and the associated 7' matrix is defined
as

iTiipkp, = =Gy (ki.pi) Glki pisky.py) Gy ky.py)| .-
(77

In this expression, Gy(k, p) and G(k, p; k', p’) denote, respec-
tively, the free and the full waveguide Green’s function. With
the help of Eq. (43), we explicitly find

2

U m
—i——2GY™ ki, pi ks, prio)|

7 (78)

iTk,-p,',kfpf = os’
where zGZym(ki,pi k¢, pr;w)is defined by Eq. (44).

In order to compare these results with results of earlier
works, we again perform a frequency shiftw — o — Q/2. We
carry out the actual calculations of the S matrix in Appendix D

so that we report here only the final results. For different
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chirality configurations, the S matrix reads as follows:

() kfpft — kfpf:

RR,RR __ 2,P.V.
kipi.kgpy — tkitpi (aki,kfspi»Pf + 8k:,Pf8Pi»kf) + Sk;pi,k/p_f'
(79)
s R R R L.
(i) k'p;" — kppj:
RR,RL __ 2,P.V.
kipikgpr — tkirpi(skisk/ 8171'.—]7/' + rkitPiSkif—P/ 817;,](/' + Sk;pi,kfpf'
(30)
R R L L.
(ii)) k' p;* — kfpf.
RR.LL __ 2,PV.
k,‘[),’,k/p/' - rkirpi (akiafkfﬁpi,fpf + Ski,*PfSPiq*kf) + Skip;,k/-p/"
(1)

In these expressions, the superscript of the momenta indicates
the chirality, r; is the single-excitation reflection amplitude
[cf. Eq. (67)], tx = 1 + ry is the single-excitation transmission

. 2PV. . .
amplitude, and S;’, - kp, 18 given by
774
2pv. U Stsn
i Di - T i+pikp+
kipikypy TV Pi-KgTPf

(k, +p, —2Q +lU2/U)
X
(vp;i — Q+iU%/v)(vk; — Q+iU%/v)
1
X .
(vpy — Q+iU?/v)(vky — Q+iU?/v)
(82)
Our results are thus in accordance with the results obtained by
other techniques in earlier works [18,19,45].
Within our scheme, we can also give a physical explanation

of the term S,i’f,’f,;f e In the first place, this term appears by

replacing the free waveguide Green’s function in »G.® by the
Dirac identity

1 1
=P
w — vk —vp +i0 w — vk —vp

—iné(w — vk — vp).

(83)

The two terms in the Dirac identity can be interpreted as
follows. The imaginary part that is proportional to a  function
corresponds to long-time, real processes because the § function
sets the particles on shell. The real part that contains the
principal value, however, does not place a constraint on
the momenta. The momenta can be chosen freely and are
only restricted by energy conservation. Therefore, this term
corresponds to short times, which are on the scale of the
Heisenberg uncertainty principle, i.e., they correspond to
virtual processes.

C. Band-edge effects

Finally, we address the case of band edges by following the
same line of reasoning as in Sec. VIB. Perhaps the simplest
nonlinear dispersion relation exhibiting a band edge is the
quadratic dispersion relation e(k) = tk? with ¢ > 0. In this
case, the self-energy is given by

rU?

JHw — tk2 +i0)

2 Zquk;w) = —i (84)
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where we scaled out the factor €2/2 again. The first two
terms of the perturbation series given by Eq. (71) can again
be computed straightforwardly, but the third term (and all
higher-order terms) exhibit different characteristics. First of
all, the quadratic dispersion relation induces poles on both
sides of the complex half-plane, which means that the integral
over internal momenta is not vanishing, hence, ZGS )(k 7.kis )
is finite. This was expected since the quadratic dispersion
relation exhibits a state where the group velocity v, = 0, which
means that an emitted photon can be reabsorbed by the TLS
after a certain amount of time (cf. discussion in Sec. VIB).
Second, the self-energy » X, (k; w) leads to two branch cuts,
one in each half-space of the complex plane. These branch cuts
represent major obstacles in the integration over the internal
momenta and we have been unable to find a closed-form
solution for QGS)(k 1.kis ).

From a more physical point of view, however, we expect
that the higher-order processes encapsulate the effect of
interaction-induced radiation trapping (IIRT) [26,35]. This
phenomenon describes the excitation of the atom-photon
bound state by a two-photon pulse as the result of a nonlinear
process. This expectation can be motivated by the diagram-
matic form of ;G (k 7, k;; ):

In the top line, the TLS emits a photon, which is reabsorbed
at a later time. This is exactly the behavior one would expect
from the atom-photon bound state since the radiation cannot
leave the TLS.

The prototypical process of IIRT includes two initial
photons, which are transformed into an atom-photon bound
state and a photon with a different momentum. Energetically,
this process is described by

w = €e(k;) + €(p;) = wps + €(ky), (85)

where k; and p; are the momenta of the initial photons, ky is
the momentum of the final photon, w is the total energy, and
wgs 1s the energy of the bound atom-photon state, which can
be found by solving the equation

Uln

+/twBs

In fact, setting 2G§)(kf,k,- ;w) on shell (thus making it
proportional to a scattering matrix element) and computing
the integration over the internal momenta numerically yields
a sharp peak at precisely the momenta ky which fulfill w =
wps + €(ky) (cf. Fig. 5). This indicates that .G (k s,k;; w)
(together with the higher-order processes) describes indeed
the physics behind the IIRT. Moreover, treating the sharp peak
as a pole (which is motivated by the fact that the width of the
resonance scales with the small imaginary part i§) enables us
to compute the residue of the resonance via
1

Res[ng),ko] = %% dz ng)(Z,ki;w)
c

wps — Q2 +1

—0. (86)

, (87)

os

where k is the solution of Eq. (85), the subscript os indicates
that the expression is taken on shell, and the contour C is
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Kkf

FIG. 5. Logarithmic plot of ;G (k¢ ,k;; )| (in units of ~') with
ki=pi=1t=1,U=1,0=€lk) + €(ky), and 2 is measured in
units of . We have added a small imaginary part § = 107> to e for an
artificial broadening of the resonance. The black dotted line represents
the solution of @ = wps + €(k/). The resonance approaches k; —
V2 for large values of Q since the bound-state energy wgs — 0 in
this case.

a circle centered at ky with radius A. We have plotted the
residue in Fig. 6, together with the conditions that the two
initial photons are on resonance with the TLS individually
[2 = e(k;)] and collectively [Q2 = w = 2¢(k;)]. We can see
here that the strength of the pole is sensitive to the TLS being
on resonance with the collective photonic excitation, rather

FIG. 6. Plot of |Res[2G§),k0]| (in units of ~!) for two identical
initial photons w = 2e(k;), U =1,t=1,8 =107*, A = 107%, and
2 is measured in units of ¢. The black and white lines represent the
parabolas Q = 2¢(k;) and Q2 = €(k;), respectively.
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than with the individual ones. This is another indicator that
IIRT emerges as the result of the nonlinear behavior of the
TLS in the presence of two or more photons. Furthermore, this
result shows that an analytic solution for 2G§3)(k 1.ki; w)is still
highly desirable as this would provide further insights into the
physics of IIRT.

Finally, we would like to conclude this section by recalling
the physical interpretation of each term in the perturbation
series of 2Ge(ky,k;; w): The first term describes the single-
photon scattering and does not induce correlations between the
two photons. The second term gives rise to photon bunching
and is always finite, independent of the dispersion relation.
The third term and all higher-order terms are nontrivial since
they include integrations over internal momenta. In the case
of a linear dispersion relation, their contribution vanishes.
Conversely, these higher-order terms become particularly
relevant for frequencies near band edges and/or waveguide
cutoffs and lead to the effect of IIRT.

VII. CONCLUSION

In summary, we have developed an efficient and flexible
quantum-field-theoretical approach to few-photon transport
problems in one-dimensional photonic waveguides with em-
bedded quantum impurities. Our approach is based on a
coherent-state path-integral formulation which allows us to
formulate a Feynman diagram representation that elucidates
the nature of the underlying physical processes. For instance,
our framework allows for both frequency- and time-domain
considerations and we have utilized both of them throughout
this paper in order to arrive at several physical explanations.

In the case of a single excitation, our approach delivers
closed-form analytical expressions for the Green’s functions
for arbitrary dispersion relations and we have computed spec-
tral densities and scattering matrices. Similarly, for the case
of two excitations, our approach demonstrates that and why
all diagrams of order higher than two vanish for systems with
linear dispersion, again facilitating a closed-form expression
for the Green’s function and all physical quantities. For
arbitrary dispersion relations, the case of two excitations does
not admit general closed-form solutions and we have derived
a self-consistent 7-matrix equation that reduces the required
computational effort to that of a single-excitation calculation.

The results of our approach are consistent with results
from several earlier works in which different techniques have
been employed [18,19,45]. In addition, for the two-excitation
case, we have derived a Fano-resonance effect in the spectral
density that originates from an interference between the
occupied (renormalized) TLS and the additional photon in the
waveguide. This Fano resonance represents a unique signature
of the few-photon nonlinearity inherent in our systems. Fur-
thermore, we have shown that while linear dispersion relations
are in some sense limited to photon-correlation effects only,
dispersion relations with slow-light regimes (i.e., with band
edges and/or waveguide cutoff frequencies) feature additional
effects related to interaction-induced radiation trapping effects
that originate from nonlinear scattering processes that involve
bound atom-photon states. This leads to very rich physics even
for such, on first sight, rather simple systems.
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Finally, our framework can serve as the basis for further
studies that involve more complex scenarios such as several
and many-level quantum impurities, networks of coupled
waveguides, disordered systems, and nonequilibrium effects.

Note added in proof. We have recently become aware
of a work by Kocabas [46] where a similar diagrammatic
framework has been independently developed.
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APPENDIX A: GREEN’S FUNCTIONS IN THE
SINGLE-EXCITATION SECTOR

In this appendix, we complete the derivation of the single-
excitation Green’s function. The full TLS and waveguide
Green'’s functions have been derived in Secs. III A and IV A,
but the case where a photon is absorbed or emitted by the
TLS is still missing. The general expression for the absorption
Green’s function reads as

1Gapkisty — 1)

S / TTd6s:d0 g wddtdis,

kK
x e DT LG (fity — 1), (AL
where Gy, (f,1,tr — ;) is given by Eqgs. (20) and (21). Perform-

ing the same integrations as in Sec. III yields

\Galhis ) = %ﬁ&(lci;w) Ge@),  (A2)

where | Gg(ki; w) and | G.(w) are defined in Eqgs. (34) and (30),
respectively. The diagrammatic representation of this process
is straightforward. A free photon is annihilated and excites the

TLS
1Gap (ki w) = m - - (A3)

The calculation of the emission Green’s function follows the
exact same path, the starting expression being

1Gem(kysty —1;)

= =i [ T]doade s s,

k. k'

X 67 Zk ¢f’k¢;‘kizk ¢Lk¢ik gem(f,ivtf - [1) (A4)

In turn, this yields

U
1Gem(k s 0) = NG 1Ge(@)1 G (k 7 ), (AS)

together with a straightforward diagrammatic representation.
An excited TLS emits a photon and finds itself in the ground
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1Gcm(kf;w) = - 7@7 ﬁ . (A6)

APPENDIX B: GREEN’S FUNCTIONS IN THE
TWO-EXCITATION SECTOR

state

Just as in the single-excitation case, we can also derive
absorption and emission Green’s functions for the case of two
excitations. However, we will omit the representation of the
Green’s functions by Feynman diagrams since they include
certain symmetrizations such as those in Sec. IV B.

Explicitly, the absorption Green’s function is given by

2Ga(ki, piskpity — 1)

= —i/l—[d¢f‘,kd¢?,kd¢i,k/d¢ffk/</>ffk,¢ff,,,¢f,k,
Kk

x e k0T hbdin G (flity — 1), (Bl)

where G (f,i,tf — t;) is given by Eqs. (20) and (21).
Integrating out the bosonic fields results in

2Gav(ki, pi ks w)

U
=7 2GY ki, piy ) 2Gelk  kis ) + 2Gelk s, pis )]
(B2)

The physical process is analogous to the single-excitation case.
Two photons are initialized in the waveguide and one of them
is absorbed by the TLS.

By the same token, the general formula for the emission
Green’s function reads as

2Gemlkikp prity — 1)

= —i / [ [d¢s4de}iddinddi i dru brp,
k., k'

x e XLk Ok G (fiity — 1), (B3)
Upon integrating out the bosonic fields, we finally find

2Gem(ki»kf’pf;a))
v

ﬁ[ZGe(pfaki§ @)+ 2Gelky ki; )L GOk s, p i),

(B4)

along with a straightforward interpretation. A free photon
and an excited TLS are initialized and propagate until the
TLS emits a photon, which leaves two free photons in the
waveguide.

APPENDIX C: EQUAL-TIME GREEN’S FUNCTIONS

We will discuss in this appendix the appearance of equal-
time Green’s functions in the perturbation series for the TLS
Green’s function in the two-excitation sector. Our discussion
will focus on an example diagram of the perturbation series,
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which is given by

with the goal to derive the equal-time Green’s functions from
a more “standard” diagrammatic approach [47]. Note that this
appendix is not mathematically rigorous but intends to give the
reader insight about the emergence of the equal-time Green’s
functions.

From a direct diagrammatic derivation, the diagram is given
by

(ChH

U2
glk,k'stp—1;) = if / dt dt'g.(t — t;)gpn(k,t" — 1;)ge(t' — 1)

X gph(k/atf — t)ge(tf — t/), (C2)
where the free Green’s functions are
8e(1) = e_iQt/z, gs(t) = eiQ’/z’ gph(k,l) — e—ie(k)t’
(C3)

the according Feynman diagrams are given in Table I, and
the time integrations stem from the interaction vertices. The
crucial point about these Green’s functions is that they can be

rewritten in the form
gon(k,tp — ;) = e~ i@

— pielty—n) —ie ()i —1;)
= gpn(k,ty — )gpn(k,t — ;). (C4)

In this way, Eq. (C2) can be rewritten as
U2
Skt 1) =i / d dr'Tg(t — t)gp(kot — 1)]

X [gg(t" — D)gpn(k,t" — )gpn(K',t" — 1)]
X [ge(ty — 1) gpn(k',tp — 1], (C5)

where each set of brackets contains an equal-time Green’s
function. Diagrammatically, this expression can be depicted
as

(Co)

which is exactly the form as in Sec. IV B.

APPENDIX D: TWO-EXCITATION SCATTERING MATRIX

In this appendix, we provide the details of the calculation
of the two-excitation scattering matrix for the case of a linear
dispersion relation. The two-excitation S matrix is given by
Egs. (75) and (78). With the help of Egs. (44) and (73), we can
write this S matrix as

Skipikspr = SI(C)iPi»kaf + Sllfpiqkfm + S]?iPikaPf’ (D1)
Se pikrpy = Sk pipy  Spiky ki, (D2)

Stopikpy = — 18(e(ki) + €(pi) — e(kp) — €(py)
x U?[2Gyki; )8y, 1, + {perm}]| . (D3)
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Stpikyp, = — i8(etki) + €(p;) — e(ks) — e(py))
U4
X o [2Gi (ki) 2Gw0(ki k) 2GL(k p) + {perm])] .
(D4)

where {perm} represents terms where the momenta have been
permuted according to Eq. (44). Furthermore, we suppress
the chirality indices, thus (initially) treating all (incoming
and outgoing) photons as right movers. The case of different
chiralities will be discussed at the end of this appendix.

In order to calculate S,:[ pikypye WE Tewrite the 8 function
according to ’

ki+pikg+py

)
8(e(k;) + e(p;) — e(ky) — e(py)) = (D5)

Bearing in mind that we have shifted w — @ — €2/2, using
Eq. (38), and setting w = vk; + vp;, we find after cumbersome
but straightforward calculation

=35 ) —iU2/U
= Opi.psOki ks vp; — QL+iU%/v
=ry (Spivpfaknkf + api’k>f6ki'pf)

+ Tp; (api,PfSqukf + Spiwkfakivp/)'

S]!,‘ Pi ,kfp/ + {perm}

(D6)

Here, r; is the single-excitation reflection amplitude as
specified in Eq. (67).
In very much the same manner, we find

—iu* 1
S =3
kipikpy = OREPER RIS ) ke — Q +iU?/v
1
% + {perm}.
vky —vpi +i0vpy — Q+iU?/v tperm)
(D7)

Upon replacing the inner free Green’s function by an
application of the Dirac identity

1 1
=P\ - ) —ind), D8
x +i0 (x) ) (D8)
the scattering matrix decomposes into two terms
2 _ 2PV 2,8
Skipi:kfp/ - Ski[’iakfpf + Skil’i«k/[’f’ (D9)

where the term that results from the § function in the Dirac
identity S,ff, «. », Teduces to
iPi KfpPyf

1 —iU*/v
2,8 _
Sinbre = 30nrs Ok g oy
—iU?/v
/ + {perm}

X —
vpr —Q+iU%/v

=T Tp, (Sp]sPZ(Sklka + 8’(1,[728171,/(2)' (D10)
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The term of the scattering matrix that originates from the principal value in the Dirac identity is given by

2PV.
kipikgpr = 27T

i 1
_akieri,karpfrkirPf,Pﬁ + {perm}
i Rf

i 1 1
= Eaki‘f‘Piskf‘*‘l’f [Pm(l‘k’.rl,/ — rpl.rkf) + Pm(rk,.rkf — rp,.rp/):|. (Dll)
Here, we have used energy conservation to facilitate certain simplifications. Using energy conservation another time, we find
U4 (ki —kf)E —2Q+iU?/v) 1
TiVp, — Vplkp = —— - D ) ) ) (D12)
v (vp; — QL+iU*/v)(wk; — Q+iU*/v) (vpy — QL+ iU?/v)(vky — Q+iU?/v)
and the same expression with interchanged momenta ky <> p for ry,ry, — rp.r, .. Exploiting the fact that
ki —k¢)P =1 D13
ki = kP (D13)
and combining the above expressions, we find
2PV, iv* (ki + pi —2Q+iU?/v) 1
kipi ks p :_8k5+p,»,kf+pf 172 ) ) 172 . (D14)
PREIPT gy (vpi — QL+ iU*/v)(wk; — Q+iU*/v) (vpy — L+ iU*/v)(vky — Q+iU=/v)

Upon inserting Egs. (D2), (D6), and (D10) in (D1), we finally
find
RR,RR 2,PV.
kipikrpr — Ui Ty, (8ki:kf8pixl7/ + akivpf(spiakf) + Skipi,kfp_f’
(D15)

where #; = 1 + r¢. As a matter of fact, the above expression is
exactly the scattering matrix given in Ref. [18].

We now turn to the effects of chirality. First, the momenta
are renormalized k — wk, which controls the sign of the mo-
menta. Second, chirality is conserved upon free propagation,
which adds two chirality conserving § functions to S,?i pisk

and one to S,ll_ pik; p,- COmbining all the relevant expressions,

(

the S matrix in the other chirality sectors calculates to the
following:
i) kfpf — kfpy:

RR,RL __ 2,P.V.
kipikrpyr = tkirpi(ski,kf(spi,*Pf + rkitpiaki»*PfSPi,kf + Skl-pi,kfpf-'
(D16)
s R R L L.
(i) k'p;t — kfpf.
RR.LL __ 2,PV.
kipikrpr = Tk T p; (aki,*kfapi,*Pf + Skn*PfSPia*kf) + Skip;,kf-p/ ?
(D17)

where the superscripts of kﬁ-‘ indicate the values of chirality.
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