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Single photons versus coherent-state input in waveguide quantum electrodynamics:
Light scattering, Kerr, and cross-Kerr effect
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While the theoretical studies in waveguide quantum electrodynamics predominate with single-photon and
two-photon Fock-state (photon number states) input, the experiments are primarily carried out using a faint
coherent light. We create a theoretical toolbox to compare and contrast linear and nonlinear light scattering by a
two-level or a three-level emitter embedded in an open waveguide carrying Fock-state or coherent-state inputs.
We particularly investigate light transport properties and the Kerr and cross-Kerr nonlinearities of the medium
for the two types of inputs. A generalized description of the Kerr and cross-Kerr effect for different types of
inputs is formulated using the first-order correlation function to compare the Kerr and cross-Kerr nonlinearity

between two photons in these models.
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I. INTRODUCTION

A decade of experimental activities has established waveg-
uide quantum electrodynamics (QED) as an emergent re-
search discipline [1,2]. One principal aim of this discipline
is to explore strong light-matter interactions between a few
propagating photons without any cavity along the direction of
propagation. The waveguide QED systems promise to over-
come many limitations of cavity QED systems for building
quantum networks of light [1]. Many exciting phenomena
[1-10] as well as fascinating all-optical devices [11-17] have
been demonstrated in these systems. These have improved our
fundamental understanding of quantum and nonlinear optics
and led to higher sensitivity in quantum metrology and sens-
ing.

Many of the early theoretical proposals in the waveg-
uide QED systems [1,18-38] are utilizing single-photon
and two-photon Fock-state (photon number states) inputs.
Coherent-state inputs have also been investigated in some the-
oretical studies [23,39-47]. However, the experimental studies
[4,6,7,12,14] in these systems predominately apply a weak
light beam in a coherent state to explore the physics of single-
or few-photon scattering from single or multiple emitters. It
is, therefore, in many cases challenging to compare results
for different types of inputs. It also remains unclear if there
will be any fundamental difference in those studied phenom-
ena if a true (antibunched) single-photon source is applied in
comparison to a weak coherent state. In this paper, one of our
goals is to develop a theoretical toolbox to compare linear and
nonlinear scattering properties of light in the waveguide QED
systems for Fock-state and weak or attenuated coherent-state
inputs.

We primarily consider the scattering of one or two light
beams by a two-level emitter (2LE) or a ladder-type three-
level emitter (3LE) embedded in an open waveguide (see
Fig. 1). The input beams consist of either one or two Fock-
state photons or a weak coherent state. We apply two different
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theories for two types of inputs. For example, scattering the-
ory is used for input photons in the Fock state. For weak
coherent-state inputs, we write the Heisenberg equations for
the time evolution of operators. Our theory for coherent-state
input also works for an arbitrary strength of input beam(s). We
mainly investigate the linear and nonlinear scattering of input
beams and nonlinear interactions between photons of a single
beam (Kerr effect) and multiple beams (cross-Kerr effect)
generated by correlated scattering by the emitters. Both Kerr
and cross-Kerr media allow for effective control of motion
of one photon by another, which is an essential requirement
in many all-optical devices and optical quantum gates, e.g.,
nonlinear optical diodes [17,22,44,48,49] and transistors [19].
Therefore, it is essential to quantify and understand which
medium creates higher nonlinearity or effective interactions
(either Kerr or cross-Kerr type) between two photons as that
would be more useful in controlling the motion of one photon
by another photon. Our main findings in this paper are the
following.

(a) We show how to identify and compare the linear and
nonlinear contributions in transport coefficient for a few-
photon Fock-state input and a faint coherent-state input.

(b) We formulate a generalized description of the Kerr and
cross-Kerr effect using a first-order correlation function for
different types of inputs.

(c) We compare the Kerr nonlinearity between two single
photons by a 2LE to the cross-Kerr nonlinearity between them
by a 3LE.

In the following three sections, we explain our results in
detail. We also add three appendices to give mathematical
details of our derivations.

II. LIGHT SCATTERING BY 2LE

We first consider a 2LE side coupled to a one-dimensional
continuum of photon modes inside an open waveguide [see
Fig. 1(a)]. The difference in energy between the excited level
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FIG. 1. Schematics of (a) a 2LE and (b) a ladder-type 3LE side
coupled to an open waveguide carrying (a) a probe or (b) a probe and
a drive beam. The coupling strengths of the probe beam (red) and the
drive beam (blue) with the emitter are g, and g,, respectively.

|2) and ground level |1) of the emitter is Zwy;. Our cal-
culation for the scattering of weak coherent-state inputs is
within the Heisenberg picture of quantum mechanics; we then
consider photon modes in momentum space and evaluate the
time evolution of operators. The scattering of single photons
in the Fock state is derived within the Schrodinger picture,
and it is then convenient to take a real-space description of
photon modes. Within the Schrodinger picture, the operators
are time independent, and we find scattering states of the
entire system using scattering theory. The photon modes in
real space are related by the Fourier transform to those in the
momentum space. The Hamiltonian of the whole system with
a linearized energy-momentum dispersion (e.g., wx = vyk) of
photons reads in momentum space as [50]
5

r =y oo+ ;[vgk(a}lak — bibk)

+ 8,0 (ax + by) + g,(a) + b})ol, (1)

where o = |2)(1| (6 = |1){2]), and v, is the group ve-
locity of photons. Here, az [b}:] is the creation operator
of right-moving (left-moving) photon modes. Within the
rotating-wave approximation and the dipole approximation
(a linear light-matter interaction), the coupling strength of
the photon modes with the 2LE is given by g,. To obtain
a real-space description of propagating photons at position
x € [—L£/2, L/2], we define a,(t) =Y, e*ar(t)/~/L and
be(t) = Dk e* by (t)/\/z. Here, L is the length of the waveg-
uide which can also be considered our quantization length.
Thus, we get the following real-space version of the full
Hamiltonian:

Hy _ P / R

—= =wy0'0 — iy, dx(a,0ca, — b,0.by)

h )

+ 2,0 (a0 + bo) + 8p(@} + b))o, )

where g, = v/Lg,.
We take incident light in the right-moving channel in-
jected from the left of the emitter. The coherent-state input

|Ep, wp) is a monochromatic, continuous-wave beam of fre-
quency w, (w, = vgk,) and amplitude E, (which we here
assume to be real). It is an eigenstate of ay: a(to)|Ep, wp) =
(«/ZEp/vg)Sk,wp/,,JEp, w,), where 1) is an initial time before
the interaction of the input beam with the emitter. The inten-
sity (total number of photons per unit length) of the incident
coherent beam is I, = (E,, wp| >, a; (to)ax(t))|Ep, wp) /L =
E;/v;. The single- and two-photon Fock-state inputs with a
wave-vector k,, are, respectively,

1 L/2 —
lk,) = —/ dx " al|p),
LV

1 L2 £ ik, (x1+x2) 1 ~F ~F
lep) = c /_L/z —L/2 e e ﬁaxlalew),

where |¢) denotes the vacuum of the electromagnetic fields.
The intensities of a single-photon and a two-photon incident
beam are, respectively, 11, = (k| Zk aZak|kp)/£ =1/L and
by = (kp| Y ajaylk,) /L = 2/L. We assume the emitter in
the ground state at #y. We evaluate the time evolution of the
incident coherent state and the emitter using the Heisenberg
equations following Refs. [39,44]. The finding of outgoing
scattering states for the single- and two-photon inputs is
carried out following Refs. [18,22,23]. The details of the
calculation in both cases are given in Appendices A and C.

To quantify linear and nonlinear light scattering, we cal-
culate transport properties such as the reflection and the Kerr
and cross-Kerr phase shifts of the transmitted photon(s). For a
side-coupled emitter, the reflection of light is a measure for the
transfer of photons from the incident right-moving mode(s) to
the left-moving mode(s). The reflection of light is generally
quantified by the reflection coefficient, which can be obtained
from reflection current 7 after dividing J by incident light
intensity and group velocity. We define reflection current [44]
as

J = igp((a by — Bjo)), 3)

where (...) within the Schrodinger picture is an expectation
in the full states (e.g., |k;) and |k;) in Appendix A) of Hj
after the scattering of incident light by the 2LE, and the
operators in Eq. (3) are time independent. For the Heisenberg
picture used in coherent-state input, the expectation is carried
out in |E,, wp) but the operators in Eq. (3) are evolved to a
time which is much later after the scattering by 2LE takes
place. We denote reflection current for single-photon and two-
photon input, respectively, by J; and />, which are
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where the relaxation rate I', = gi/(ng), and the detuning
A, = w, — wy;. The reflection coefficient of a single photon
is Rip = Ji/velip = |r1,,|2 = 4Fi/(A12) + 4Fi), which is one
for a resonant photon, i.e., A, = 0. The first part of 7, gives
an independent reflection of two individual photons by the
2LE, and the reflection coefficient of this process is the same
as Ri,. The second part of 7> denotes the correlated reflection
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of two photons by 2LE, and its strength for resonant photons
decreases with increasing light-matter coupling g,. While the
probability of a photon inside the waveguide interacting with
the 2LE is an order of 1/L, that for two photons simultane-
ously interacting with the 2LE is an order of 1/£2. Therefore,
the correlated scattering of two photons is smaller than the
individual photon reflection by one order of £. While the
strength of correlated scattering of order 1/£* grows with
the increasing number of incident photons, there also appear
higher-order terms of 1/£™ with m > 2 in correlated reflec-
tion of m photons for a finite-length waveguide.

The reflection current for a coherent-state input is found
to be

21,02
Jo= 2=,
A2 +4T2 4202
(6)
; 41> (0ol )? 161, 0(2)
=0 cP A . a1 v cp —+ )
TR s anyy

where Q, = g,E,/v, is the Rabi frequency of the incident
coherent state. Thus, I, = Qf, /(2v,I",). For a faint coherent-

state input [i.e., Q7/(2I'7) <« 1], we find R, matches to

Rep = Te/vele, when we drop 252]27 from the denominator of
J. in Eq. (6) in the limit €2, — 0. We further identify the cor-
related reflection contribution in 7, from 7, by expanding it
up to the order of Q‘;. The above analysis can be generalized to
relate the reflection current 7, for m number of Fock photons
with 7, through its expansion up to 912,’” We have extended
the Fock-state analysis to m = 3 to confirm the above gener-
alization. A weak coherent-state input is a superposition (with
the corresponding weights) of a vacuum state, a single-photon
Fock state, a two-photon Fock state, and so on. Therefore, 7>
is not the same as 7. by expanding up to Q;‘, in the second
line of Eq. (6), which is evident from the appearance of I;,
and b, in [J,. Nevertheless, our comparison or identification
using explicit formulas for these currents would help one to
figure out [/, by measuring J. or vice versa.

III. KERR EFFECT

The nonlinear scattering of an input beam can be char-
acterized by the so-called optical Kerr effect, in which the
refractive index of any optical medium depends on the beam’s
intensity. In such a case, the refractive index n can be sepa-
rated into linear and nonlinear parts as [S1] n = ny + i E 2
where ng is the weak-beam (or single-photon) linear part of
the refractive index, and 7, is a coefficient representing the
nonlinear refractive index. The linear and nonlinear refractive
indices are proportional to the linear and nonlinear suscep-
tibilities. For light scattering by a single emitter inside the
waveguide, we can relate the complex susceptibility of the
medium to the change in phase ¢, = ¢S + ¢ of coherently
scattered photons [51] where ¢1(,1) is the linear change in phase
for a weak beam (or a single photon) and ¢> is the nonlin-
ear (two-photon) contribution. Thus, we have An = n — ny «
¢[(72). In the regime of recent experimental interest with few
photons [3,5,6], we can write an approximate relation to de-
fine the Kerr coefficient K as ¢(” = ¢, — ¢\ = KE,.

For a coherent-state input, ¢, can be computed from the
coherent transmission amplitude 7,,:

- (Ep’ (1),7|le>0(l)|Ep, wp)

= L =1+2ix()
P <Ep» a)p|ax>0(t)|Eps a)p)gp=0
2iT), i (—x
=1- %e P05 tO)(E,,, a),,|o<t - £)|Ep, wp), (1)
r Vg
where (...}, =0 denotes no coupling between the 2LE and

the input beam. Here, x(¢) represents the optical susceptibil-
ity of the medium, which includes both linear and nonlinear
parts of the susceptibility. The phase ¢, associated with 7, is
op(t) = tan’l{ZRex(t)/[l — 2Imx(¢)]}. We can get q)[(,l) from
¢p by taking €, — 0, and extract ¢ at any arbitrary €2,
using ¢1(,2) = ¢pla,20 — ¢pla,—0- However, it is not clear how
to define such transmission amplitude for a two-photon Fock-
state input since the scattered states then have amplitudes of
two transmitted photons as well as one transmitted and one
reflected photons. Instead, we use the first-order correlation
function GV (x', x;1) = (ZtL (t)a,(t)) to obtain the change in
phase. For a coherent-state input, we find, atx > O and x’ < 0,
GV, x;t) = I, “*)/vf which shows GV (x', x;t) is
trivially related to 7,. Thus, we can compute the coherent
change in phase of the incident light from GV (x', x;¢) at
x > 0 and x' < 0. Below, we demonstrate that GV(x', x; 1)
can also be applied to extract the phase change and the Kerr
effect for a multiphoton Fock-state input.

We get the following expressions of G (x', x;¢) at x > 0
and x" < O for a coherent-state input and a two-photon Fock-
state input with wave vector k, (check Appendices A and C):

G(‘l)(x/, x;t) = Icpeiw”(xixl)/v“' —iAp
iA, —2I,
8T,
x <1 -t 0(9;‘,)), ®)
lAp(AP + 4Fp)
. , A,

G(zl)(x’, x;t) — Izpelwp(x—x )/vg.l—l
iA, =20,

y (1 8D, N p) TN ) ©
A (AZ+4T2) A +4T7
respectively. The expansion in order of Q; in Eq. (8) is per-
formed for a weak coherent-state input. Here, iA,/(iA, —
2T",) = t1p is the transmission amplitude of a single-photon or
a faint coherent-state input in the limit €2, — 0. Thus, the lin-
ear change in phase ¢! = tan™!(—=2I',/A,). The nonlinear
phase change ¢1(,2) is obtained by the argument of the terms
within the round brackets in Eqs. (8) and (9). The second
term within the round brackets in Eq. (8) for a coherent state
matches that in Eq. (9) for Fock-state input if we replace 1., by
I,. The appearance of 11, in Eq. (9) is comprehensible since
a single photon generates the nonlinear phase shift to another
for a two-photon input, and it also signals the nonlinear phase

shift is smaller than the linear one by a factor of 1/L.
Nevertheless, the third term in Eq. (9) does not have an
equivalent contribution in Eq. (8), and the term is due to the
intermediate amplitudes of the excited emitter with one pho-
ton in the waveguide (see Appendix A). Thus, we find that ¢
for a two-photon Fock-state input matches to that of a faint
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FIG. 2. Kerr vs cross-Kerr effect with Fock-state photons in
waveguide QED. The linear, nonlinear (Kerr), and total phase shifts
(95", ¢, ¢p) of two transmitted photons inside an open waveguide
side coupled to a 2LE. The cross-Kerr phase shift 6¢,, of a single-
photon probe beam by a single-photon drive beam, where both beams
interact with two allowed transitions of a ladder-type or a V-type
3LE. The parameters are v, = 1, ", /wy = I'y/wy = 0.1, A; =0,
and 111, = I]d = 0.0125(1)21/Ug.

coherent-state input (along with a replacement of 1., by 1,,,) if
we ignore the third term within the round brackets in Eq. (9).
The third term in Eq. (9) has a relatively small contribution
to ¢;,2) in comparison to the second term for the parameters
of validity of the expression. From Eq. (8), we find the Kerr
coefficient as K = (1/E; )tan™' (8T vgl,p/[A (A2 + T 7)1} ~
82 /[vgAp(A2 +T2)] for Q2/(2I5) < 1and [A,| > T,

A side-coupled 2LE perfectly reflects a resonant single-
photon input, and the transmission phase shift ¢ is then
not defined. However, two resonant photons cannot be simul-
taneously perfectly reflected by a single emitter. Therefore,
there will be a finite transmission for a two-photon resonant
input pulse, and total phase shift ¢, will be zero at A, =0
due to the photon which passes the emitter without interact-
ing with it. At A, = 0+, we find ¢V = F7/2 from ¢ =
tan~'(—=2I",/A,); thus we get ¢(> = £7 /2 as ¢, ~ 0. Mag-
nitude of both ¢ and ¢{» falls with increasing detuning
|A,|. The linearity of ¢* with E is true for small ¢{*) at
|Ap| = Tp. We show the above features of ¢ and ¢ with
probe detuning A, for a two-photon Fock-state input in Fig. 2.

IV. CROSS-KERR EFFECT BY 3LE

Next, we consider a ladder-type 3LE with Ievels
[1), ]2), and |3) as in Fig. 1(b). The energy difference be-
tween the excited states is 7iws3y; thus the energy of excited
level |3) is h(ws3y + wy1). Two allowed optical transitions be-
tween the levels |1) <> |2) and |2) <> |3) are side coupled to a
probe and a drive beam of frequency w, and wy, respectively.
The full Hamiltonian of 3LE, light beams, and their couplings

reads [46]

HY
73 =w0'o + (w32 + W) 1 + Z |:ng Z(a;aaka
k a=+

— b} bra) +8p(0 By + B, o)+ 8a (1 B +ﬂZM)},
(10)

where we define B+ = (ars + brs), and MT |3)(2| =
12)(3], vl =[1)(3], and v = |3){(1|. Here, aka [bka] are cre-
ation operators for two different polarizations of right-moving
(left-moving) photon modes of the probe and drive beams.
The polarizations are denoted by subscript « = %+, and we
choose + and — polarization, respectively, for the probe and
drive beam. g, and g, are the respective coupling strength of
the probe and drive beam with the 3LE. We assume that both
the probe and drive input beams are incoming from the left
of the 3LE.

For both the probe and drive input beams in the coher-
ent states, the initial state at time fy is ) = |E,, wp) ®

|Ey, wa), which satisfies ai (10)|W) = (vLEp/Vg)Sk 0,0, |¥)s

ax—(t)|V) = (V'LE4/Vg)Sk /v, |¥), Where E, and E,; are
their respective (real) amplitude. Further, the intensity of
probe and drive beam are /., = EI% / vé and I, = Ej / vf,. For
Fock-state input, we consider the probe and drive beams con-
sisting of single photons as

L2 L2 dxldx2
Ikp, kd) :/ / l(kpxl"!‘kdXz) T ,.,T |(p)
—L£/2J-L)2

where G4 (1) = Y, a1 (t)/v/L and wg = veky. The in-
tensity of the single-photon probe and drive beam are,
respectively, I, = 1/Land ;4 = 1/L.

A ladder-type 3LE made of a superconducting artificial
atom was used to demonstrate an effective interaction be-
tween two different light beams at the single-photon quantum
regime in Ref. [6]. Such an effective interaction is similar in
physical mechanism to the above-explored effective interac-
tion between photons of a single beam induced by the Kerr
nonlinearity of the medium (e.g., an emitter). This effective
coupling between multiple beams is known as the cross-Kerr
effect. The photon-photon interaction in a cross-Kerr medium
has been utilized to propose quantum nondemolition measure-
ment of a single propagating microwave photon with high
fidelity [52]. Extending the earlier discussion of the optical
Kerr effect, the cross-Kerr effect can be interpreted as modu-
lation of refractive index or a phase change of a probe beam
due to a drive beam. Thus, we write the total phase shift of
the probe beam in a cross-Kerr medium as ¢, = ¢[(,1) + 8bpa,
where ¢! again indicates the linear change in phase of the
probe beam in the absence of the drive beam and ¢, captures
the change in phase of the probe beam in the presence of
the drive beam. In analogy to the Kerr coefficient, we de-
fine the cross-Kerr coefficient K. using 8¢,q = ¢pala 20 —
Gpalo,—0 = K.E3, where Q4 = g4E, /v, is the Rabi frequency
of the coherent drive beam and g; = ~/£g,. We can find Dpd
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of a probe beam in the presence and absence of a drive beam
using G (x', x;1) = (@, (1)ax (1)) atx > 0 and x’ < 0.

To find the cross-Kerr effect in our system, we derive
the outgoing scattered states of the probe and drive beams
within the Schrodinger picture for the Fock-state inputs and
calculate the time evolution of operators of the full system
within the Heisenberg picture for the coherent-state 1nputs
The first-order coherences G(l) (x',x;¢t) at x >0 and X’ <
0 for coherent-state [46] and Fock state (see Appendix B)
inputs are

G, x;1)
in,
iA, —2T,
4T, T gVgleq
—20)i(A, + Ag) — 2T 4]

— Icpeia)p(x—x’)/vg

+o(@))).
(11

X (1 — - -
iIA,(IA,

m(x X;t)
iA,

iA,—2T),

x (1 - plaveld ) (12)

iA(iD, — 2T )li(A, + Ag) — 2T4]

where we have expanded Eq. (11) in order of Q2 for a
faint coherent-state drive beam. Here, Ay = w; — w3, 'y =
gfl/(ng). We find from Egs. (11) and (12) that the leading-
order contribution from a faint coherent-state drive beam
to 8¢,¢ matches that from a single-photon drive when we
identify I.; by I14. From Eq. (11), we find the cross-Kerr coef-
ficient as K. = 4T ,T4[4T,Ta — Ap(Ap + A1/ {v,A (A% +
I2)[(Ap + Ag +T21} for |A,l > Q2/(2T,). While the
cross-Kerr phase shlft d¢)pq depends on both probe and drive
photon detuning, let us study it for A; = 0 when it shows a
relatively large value. The features of §¢,q with A, are similar
to ¢ for single photons as shown in Fig. 2. However, the
value of 8¢, at Ay = 0 in Fig. 2 is always smaller than ¢(?)

at any finite A, for single photons (see Appendix B). Thus,
the Kerr nonlinearity K by a 2LE between two single photons

J

— Ilpeiwp(xfx')/vg

is relatively higher than the cross-Kerr nonlinearity K. by a
ladder-type 3LE between them. Nevertheless, the value of
K. depends on the type of 3LE, which is determined by the
optical transitions used for the drive and probe beams [46].
For example, we find §¢,; for a single-photon probe and a
single-photon drive beam can be higher for a V-type 3LE
than a ladder-type 3LE as shown in Fig. 2. Further, 8¢,y
by a V-type 3LE can be slightly higher than ¢* by a 2LE
between two Fock-state photons (see Fig. 2). In Appendix B,
we give an expression of GS:; (x', x;t) for a V-type 3LE, and
we discuss the above comparison in detail there.

V. SUMMARY AND OUTLOOK

Our findings for comparing various linear and nonlinear
light scattering by a single emitter embedded in an open
waveguide for different light sources will benefit the rapid
progress of waveguide QED. By deriving explicit formulas
using different approaches, we show how to identify few-
photon reflection currents by measuring the reflection current
for a faint coherent-state input or vice versa. We further
develop a generalized description using the first-order corre-
lation function to extract coherent phase shifts of transmitted
light in waveguide QED systems for different light sources
at low intensity. The last achievement helps to compare and
contrast the Kerr and cross-Kerr effects in various waveguide
QED systems with few photons, which would be particularly
useful for selecting the right Kerr and cross-Kerr medium
for nonlinear quantum devices, e.g., nonlinear optical diodes
[17,22,44,48,49] and transistors [19]. Experiments with su-
perconducting circuits can verify our theoretical predictions
in this paper. In future studies, we aim to compare differ-
ent light sources for more complex waveguide QED setups,
such as with giant atoms, separated emitters, and topological
waveguides.
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APPENDIX A: SCATTERING OF SINGLE- AND TWO-PHOTON FOCK STATES BY A TWO-LEVEL EMITTER

The real-space Hamiltonian of a 2LE side coupled to a linear waveguide with right-moving and left-moving photon modes
[Eq. (2)] reads as

HE L2 . . B B
72 = wyolo — ivg/ dx(ald.a, — b'a.b,) + g0 (@ + bo) + 3@l + bi)o. (A1)
—L/2
First, we consider a single-photon input state with wave vector k, and frequency w, = v,k, from the left of the emitter:
L/2 .
dx e* gl | ), (A2)
) \/_ / £)2

which satisfies /1, = (k| f dk a,tak|kp) /L = 1/L. The full single-photon state |k;f> of the Hamiltonian is derived from 7—[’2‘|k;) =
szgk,,|k;) using the initial conditions in Eq. (A2). It is given as
£/2 _
k) = / dx[gr(x)a + gL(0)b! + 8(x)e,0 " 1l9)lg), (A3)
-L/2
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the amplitudes of which are

eikpx e—ikpx 5 Ap

= — = — — = —gp =
gr(x) = \/2[9( x) +11,0(0)], gL(x) NG ripf(—x), e, A+ 2T, hp A, 2T, (A4)

Here, 11, and ry, =t;, — 1 are, respectively, single-photon transmission and reflection amplitude, and the amplitude of the
emitter’s excitation is &, = e,/ VL.

The normalized two-photon incident Fock state with degenerate wave vectors k, = (kp, k,,) in the right-moving channels
reads as

1 L2 pL)2 N 1
k,) = — [ i [ o dxidx, et J;; al o), (A5)

which has intensity /,, = 2/L. The two-photon state of the Hamiltonian including the scattered and incident parts is

LR L2
k7)) 2/ / dxidx, | grr(x1, X2)—=a al + gre(x1, %2)al bl + grr(x1, x2)—= bT b}

\/_Xl fxl X2

)

+ [er(x)al, + e (xy )13;‘;,]8(x2)o*} l)18) (A6)

the amplitudes of which can be found by solving a set of linear, coupled, inhomogeneous different equations obtained from
7—[,’2‘|k;,’) = 2hvgkp|k;) with the initial conditions set by Eq. (AS). These amplitudes are

r
14 2 1(2U kp—w21+2ilp)xa /vg i1 =201 p)x1 /v _
v €, en rtee Oxz —x1)0(x) + () < xz):|

[«/_F

2
grr(X1, X2) = gr(x1)gr(x2) + [

gri(x1, x2) = ~/2gr(x1)gL(x2) + &> e 1Qkp=on 2T p)x /vy il 2T [0 g (|35 | — )0 (x1)0(—x2) + (x1 < xZ)]

2r
gLL(xl,x2>—gL<x1>gL(x2>+[ L) e~ /Crkpeont2ilpha/uegmilon =200 /g () — xi )6 (—x1)0(—x2) + (x1 exz)}
v

8

«/El
er(x) = V2 gr(x)e, + Ug"~2 I Queky=n + 2T, /vy ()
g

«/51
eL(x) f gL(x)ep - gp ~12) —l(2vgk,, w21+211‘,,)x/vg9( x) (A7)
8

where 6 (x) is the Heaviside step function.

1. First-order coherence

Using the single-photon and two-photon states of the Hamiltonian, we can find the first-order coherence GV (x’, x;¢) of the
transmitted photon(s) for incident photon(s) in the right-moving channel(s). We get for the single-photon case withx > 0, x" < 0

) o f _ i _ Ay ey
GV, x;1) = (K lalak) = Lyt e ™) _Ilpme’ P (A8)

which gives the linear change in phase ¢1(11) = tan~!(—2I",/A ). For two photons, we find again for x > 0, x’ < 0

. L2
G (', x;1) = (kf|alalk)) = / dy[28re (¥, )8RR(X, V) + iy (X', ¥)8RL(X, )] + e (X )er (x). (A9)
—L/2
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Below we give each term in the above relation explicitly to show how to get the final result. We find

4
2
—rlptl*pep +

L2 1 /
2/ dy grp(X', Y)grr(x, y) = Zelk”(x_x)[(l + |f1p|2)f1p -7 E”lpflp

e (el(Ap+21Fp)x/ug +e i(Ap+2iT ) (x— ,C/Z)/vg)]
L/2

(A10)
o L 2 (A2 2 -
/—L/Z dy gp (X', y)gro(x, y) = Zelkp(XX)l:|rlp|2t1p — erlplzei(l - e*’(AleFp)(x*ﬁﬂ)/vg) + Z|rlp|26127(31(Ap+21r,,)x/ug _ 1)i|’

(Al1)

2 S . .
e;(x/)eR(x) — E |ep|261k,;(x x )[tlp _ rlpet(AerZle)x/vg]. (A12)

We add Eqgs. (A10)-(A12) to find that the terms with a factor e/(*»+2T»)*/ disappear. The terms with a factor e /(42T &=L/2)/v
also vanish when £ > v,/T",,. Thus, we finally get Ggl)(x’, x;t) as in the main text:

1 , 4 4 2
G, x;t) = Ze’k"(x_x)[(l + 11,1+ [rp) Pty — Zrlpfl*pezza - Z|r1p|2e§, + Z|ep|2tlpi|

(A13)

iAp 81”%ng1,, 2T vl :|
=1h,

ik, (x—x")
_ P — .
iAp =20, [ iAp(A2+4T2) © A2 4412

2. Reflection current

We evaluate the expectation of the reflection current operator [44] in the full single-photon and two-photon states. We remind
the reader that the contributions in reflection current arise solely from scattered photons by the emitter. We find

. a~ ~ v
T = igp(k} (o by — bo)lk)) = vl

L L/2
Jo = igy (kS 1(0" By — Bjo k) = 2Re{igp f dx [€5(X)gre (¥, 0) + v/2e} (V)gr (x, 0)]}. (Al4)
-L/2
Each part of the two-photon reflection current is given as following:
L1z iz r r
. 8p « 21, 12 4 —2T',L /v
iZ /_ o PRER g, 0) = e+ Pl + Hleylt(1 — e
52 [ 2 ;tl*p(ei(Ap-kZiI‘p)ﬁ/(ng) 1 +e;Septlp(ei(—A1;+2il",;)£/(2vg) _ 1)]7 (A15)
[ % F[’ 4 o200/ 20pv oAy 2T, L/ (20,)
iz, /_w ax/2e; ()51 0) = 2 1y ey + Lleplh(1 — e 274 e - s/
_ r}ie%(l i(Ap+2in)£/(2vg))]' (A16)

In the limit of £ > v,/T"),, we find the following by adding Eqs. (A15) and (A16):

213 2 213
U P S S M e 1 R (A17)
- P 2T 2 2 2 2°
C T s ary T LR T (4 va)

APPENDIX B: SCATTERING OF PROBE AND DRIVE SINGLE-PHOTON FOCK STATES
BY A LADDER-TYPE THREE-LEVEL EMITTER

We consider a ladder-type 3LE with two allowed transitions being side coupled to a linear waveguide carrying right-moving
and left-moving photon modes of a probe and a drive beam. The real-space Hamiltonian [46] is given by

fo ] L/2 _ ~ B 5 B _ B o B
73 = w3100 + (w3 + o)’ — ’UE/ dx Z(alaaxam — b}, 0:bw) + 80 (@01 + bot) + g,,(ag+ + bg+)a
R Ap—
+gai" @o— + bo-) + ga(@,_ + b e, (B1)

where g, = v/Lgy. Here, @, (t) = [ dk e=*a] (1)//L and bl (t) = [ dk e"*b] (1)/~/L are creation operators at position
—L/2, L/2] of right-moving and left-moving photon modes of the probe (¢ = +) and drive (@« = —) beams.
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The input state of a single-photon probe and a single-photon drive beam with respective wave vector k, and k; (with
corresponding frequencies w, = v,k, and w; = vgk,) in the right-moving channel is

L2 L2
|kp, kq) = / / dxidx, ki1 kix)g T ~)'0_|<p) (B2)
£ d-cp

which satisfies I, = (k. kq| [ dk a}, ax. |k, ka)/L = 1/L and Lg = (ky. kq| [ dk a]_ar_|kp, kg)/L = 1/L.
The full two-photon state of the Hamiltonian 3 including the scattered and incident photons is

L]2 L]2 . . .

= / / dxidxy(grr(x1, X)), &, + gre(x1, X)), BL_ + grr(xy, x2)bf L af
—L£/2J-L)2

+ 8e(xr, 02)BL BL_ + [er(x2)al, _ + & (x2)b]_18(x1)a }e) ), (B3)

the amplitudes of which can be found by solving a set of linear, coupled, inhomogeneous different equations obtained from
Hilky, k) = hvg(kp + ka)lkp, k) with the initial conditions set by Eq. (B2). These amplitudes are

B, 2) = grCen) [2 O,
8RR(X1, X2) = Zr(X] -
VL

3. z(kpx1+kdx2) i(A, +211"P)(x2—x1)/vg0(x2 —x )9(X1):|
v
8

BrCr1, 1) = 81Ce1) e [2 T,Ta
8LR\ X1, X2) = ZL(X] -
NI

épéd ei(—k,,)cl +kdx2)ei(A,,+2iF,,)(x2+x])/Uge(xz +x )0(_xl )}

Vg
2./T,Ty . . .
Bro(x1, x2) = _—pépéd eikpt1—kax) p=i(ApF 2T b5/ %9 (_xy — )0 (x)),
gLL(xl,XZ) — _z—mépéd e*i(kp)(]+kdx2)efi(A,;+2iF,;)(Xz*X])/Uge(_XZ +x )9(-){'1),

8
eik(/X

~ lg_depe o' WelkpTha)=w2 +2il, )X/Ugg(x)

eér(x) = ﬁep— ”
4

- 7i(vg(k,,+kd)7w2|+2[F,,)x/vg0(_x)’ eg = 8d (B4)

er(x) = —lg—déped e e
Vg Ap+ Ag+2i0y

where I'y = gf,/(ng), Ag = wy — w3, and é; = ed/«/z.
Next, we calculate the first-order coherence G(+12) (x, x; 1) of the transmitted probe photon for incident probe and drive photons
in the right-moving channels. We find for x > 0,x" < 0

, )
GO x;1) = (kp, kf1al, s lkp, k) = f Y BRR( )RR ) + o (6 B (5. )] (BS)
—L)2
L2 1 e iy onn
We find [, dy &gy (X', )gr(x, y) = 0, and
L2 1 . , ~ ) )
/ dy Fn (X' Y)Zrr(x. y) = o) [flp ~ B2 - -’<Af’+2’”)"“‘“2)/”g>}- (B6)
—L/2 L Vg
The term with a factor e~ (A»+2T)(x=L/2)/v jn Eq. (B6) vanishes when £ 3> v,/T",,. Thus, we finally get Gif%(x’, x;t) as
. ; i A 4, yv,1
G, xir) = e/ 20 (1 - L ) (B7)
iA, — 2T, \' " QA (iA, — 2T )(i(A, + Ag) — 2Tq)

Next, we compare the cross-Kerr phase shift 8¢,; of a probe photon due to a drive photon with the Kerr phase shift ¢1(72) between
two Fock-state photons. For this, we write Eq. (B7) in the limitof Ay =0,y =T, and I1g = I;:

) , iA 4r2u, I
GO xi0) = hyeon = 100 — P (BS)
iA, —2T, iA(iA, — 2T ))?

The second term within the round brackets in Eq. (B8) is a bit similar to the second term within the round brackets in Eq. (A13)
except a half-factor difference in the numerator and the appearance of (iA, — 2I' ,,)2 instead of |iA, — 2I" ,,|2 in the denominator.

The first-order coherence GEF; (x, x; 1) of the transmitted probe photon for incident probe and drive single-photon Fock state
in the right-moving channels for a V-type 3LE (see Ref. [46] for a Hamiltonian of the system) is

iAp < . 4F,,deglld[1(Ap+Ad)—Z(FP—i—Fd)] 2F4Ug1|d >
iA,—2T, iNy(iA, —2T,) (A2 + 4T2) A2 4413

GO, x31) = Iy e/ (B9)
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The total phase shift ¢, for a single-photon probe beam by a V-type 3LE in the presence of a single-photon drive beam is
exactly the same as total phase shift ¢, by a 2LE for a two-photon probe beam when we set Ay = A, I'y =Ty, and I1; = I;).
Nevertheless, we can separately tune A, and A, in a V-type 3LE since the probe and drive beams are coupled to two different
transitions. The freedom to separately control A, and A, can give rise to a higher value of cross-Kerr phase shift §¢,; by a
V-type 3LE for a single probe and drive photon than the Kerr phase shift 4)9 by a 2LE for two probe photons. In Fig. 2, we

show a comparison between 8¢, by a V-type and a ladder-type 3LE and ¢1(’2) by a 2LE for two input photons in the Fock state.

APPENDIX C: SCATTERING OF A COHERENT-STATE INPUT BY A TWO-LEVEL EMITTER

The momentum-space Hamiltonian of a 2LE side coupled to a waveguide with linearized energy-momentum dispersion of
photons [Eq. (1)] is

HE .
72 = wyo'lo + Z[vgk(azak — b,tbk) + gpaT(ak 4+ by) + gp(a;g +b,)o]. (CD)
k

We first write the Heisenberg equations for different operators appearing in the above Hamiltonian. Then, we formally solve
these equations for the photon field operators as

t
a(t) = e May(to) — igy / di'e Do (r"), (€2)

o
t
bi(t) = &"by(t0) — ig, / di' e o (1), (C3)
fo
where ay(#9) and by (7o) are initial photon fields at ¢ = 7y before the fields interacting with the 2LE. We plug a,(¢) and b (¢) in

Egs. (C2) and (C3) in the Heisenberg equations of the emitter operators and rewrite these equations as

do(t) . . T
el (—iwar — 2T p)o (t) — igp[l — 20" (t)a ()1 [Na(t) + np(2)], (C4)

do' _
o (;t)O(l) = —4l"pa*(l)0(f) - igpaT(t)[na(t) + np()] + igp[’?l(t) + nZ,(l)]a(t), (C5)

where 1,(t) = Y, e V=0, (19) and np(t) = Y, ek =)py (1). For a coherent-state input |E,, @,) from the left of the 2LE,
we have ai(©)|E,, w,) = (\/ZEp/vg)Sk,wp/uglEp, wp) and b (1)|E)p, wp) = 0, where &, /v, is a Kronecker delta function. We
take expectation of the operators in Egs. (C4) and (C5) in |E,, w,), and rewrite these equations as

dfilt(t) = (i, = 2T,)S1(1) — i), + 2iQ,S:(1), 0
ds
dzt(t) = —4T,8:(1) +iQ,[S81(t) — Sf ()], “r

where Q,, = g,E,/vg, S1(t) = (E,, w,|o (t)|E,, wp)eiwp(’*’f)), and S, (t) = (E,, a),,|61'(t)0(t)|Ep, wp). The coupled differential
equations of Si(¢), S7(¢), and S»(¢) can be solved for some initial conditions of these variables, and the long-time steady-state
solutions are independent of the initial conditions for the 2LE. We find at steady state

iQ,(—iA, —2T,)
A2 +4T2 +2Q2

2
QI’

Si(t = = —
1t = 00) A2 +4T2 4202

S)(t — 00)

which can be used to determine the reflection current 7, at steady state for a coherent-state input:

T = ig,(Ep, w,ll07 (1)bo(t) — bl () (OIIE,, @)
2 2 2 2 2 2173
2r,Q3 Q40 ( Q2 ) l6v2I>
r/ |

=2I',85( — o0) = -
4 AL AT +2Q0  2u,1, AL +417 2.l A+ 4F12’)2

0(9), (C8)

where the last expansion in the order of Qf, is obtained for a weak coherent-state input, i.e., Qﬁ / (2F,§) <« 1. We can further
identify I, = (E,, w| > az(to)ak(to)|Ep, wp) /L = Epz/véz, = Q;/(ngl"p).
Taking Fourier transform to real space, we get from Eq. (C2)

ac(t) = %U“G _ —> _ if—”(;(z _ vﬁ)e(x)e(vgz —x), (C9)
8 8
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where we set ty = 0. Thus, we find for the first-order coherence

GOW, x;1) = (Ep, 0, (1)a (t)|E,, @)

o /

o g o x

= L, 4 2R oot — =
» ~L(E). ) :

8
_1&Ep
2
Ve

X

(Ep, wplo (t
g
igpEp
2
Vg

+

For x' < 0, x > 0, the above expression becomes
2

Vg

GO < 0,x > 0;1) = E—gel‘wzm—x’vv{l -2, (x - 1)]

(E, wplo’ <t _ i-) |Ep. wp)e =00 ()0 vyt — x).
8

)a(t — vi>|Ep, )0 (xX)0(x" )0 (vgt — X" )0 (vgt — x)

8

) |E,, @,)e 7290 (x)0 (vgt — x)
v

(C10)

(C11)

p Vg

At very long time when ¢ 3> x/v,, we can replace S;(f — x/vg) by Si(f — 00) to obtain

2
AI’

—2iTpA, +297

GV < 0,x > 0;1) = I e/

A2 +4T2 42Q2

— Icpeiwp(x—x’)/vg

2 (1 __Sully 0(94)>,
iA,—2T, iA, (A2 +4T2) r

(C12)

where we again employ an expansion in 5212, for a weak coherent-state input.
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