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Strongly correlated photon transport in nonlinear photonic lattices with disorder: Probing
signatures of the localization transition

Tian Feng See,"” V. M. Bastidas,? Jirawat Tangpanitanon,' and Dimitris G. Angelakis"*:
YCentre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, 117543, Singapore
2NTT Basic Research Laboratories & Research Center for Theoretical Quantum Physics,

3-1 Morinosato-Wakamiya, Atsugi, Kanagawa 243-0198, Japan
3School of Electrical and Computer Engineering, Technical University of Crete, Chania, Crete 73100, Greece

® (Received 8 November 2018; published 18 March 2019)

We study the transport of few-photon states in open disordered nonlinear photonic lattices. More specifically,
we consider a waveguide quantum electrodynamics (QED) setup where photons are scattered from a chain of
nonlinear resonators with on-site Bose-Hubbard interaction in the presence of an incommensurate potential.
Applying our recently developed diagrammatic technique that evaluates the scattering matrix (S matrix) via
absorption and emission diagrams, we compute the two-photon transmission probability and show that it carries
signatures of the underlying localization transition of the system. We compare the calculated probability to the
participation ratio of the eigenstates and find close agreement for a range of interaction strengths. The scaling
of the two-photon transmission probability suggests that there might be two localization transitions in the high
energy eigenstates corresponding to interaction and quasiperiodicity respectively. This observation is absent
from the participation ratio. We analyze the robustness of the transmission signatures against local dissipation
and briefly discuss possible implementation using current technology.
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I. INTRODUCTION

Recent advances in quantum nonlinear optics and cir-
cuit QED have allowed the engineering of few-body pho-
tonic states exhibiting signatures of many-body effects [1-4].
Experimentally demonstrated effects using superconducting
circuits include dissipative phase transition in a chain of
nonlinear QED resonators as well as many-body localization
transition [5,6]. Strongly correlated states of light have also
been created in slow light Rydberg polaritons [7], and exci-
tonic systems are progressing towards this direction as well
[8]. An important aspect of many-body photonic simulators is
that they are open optical systems. Performing spectroscopy
will thus require an analysis of the photon transmission spec-
tra and statistics as was done for the Bose-Hubbard model
in recent works [9—11]. In quantum optics, this generally
assumes scattering photons from the system via waveguides.
Waveguide QED setups for quantum technology applications
have been widely proposed, and experimentally implemented,
usually containing a multilevel emitter or few uncorrelated
two-level emitters [12-22].

To treat the problem of few-photon scattering from
quantum emitters, one needs to use a combination of the
Lippmann-Schwinger formalism, or equivalently, the Bethe
ansatz approach, and the input-output formalism from quan-
tum optics [9,23-27]. This method involves solving a set
of coupled equations which becomes cumbersome when the
quantum system is few-body or when there is a large number
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of incident photons. This was limiting early works to at most
two-photon scattering by two noninteracting simple quantum
emitters. More recently, with the use of matrix product op-
erator, path integration, Green’s function, and diagrammatic
techniques [10,28-34], multiphoton scattering studies have
been extended to a few interacting emitters where signatures
of strongly correlated effects such as the Mott insulator tran-
sition have been studied [9-11].

In this work, we apply our earlier diagrammatic method
[10] to probe the interplay between interaction and disorder
in a few-body photonic lattice. In particular, we consider the
situation where two waveguides are coupled to a photonic sys-
tem described by the Bose-Hubbard Hamiltonian in the pres-
ence of a quasiperiodic potential. In this model, the system’s
eigenstates are expected to change from extended to localized
in line with the celebrated many-body localization (MBL)
transition [35—41]. To quantify this transition for closed sys-
tems, different quantities such as level statistics, eigenstate
entanglement, and participation ratio were proposed theoreti-
cally [35,42—46], and some were tested in a recent experiment
using superconducting circuits [6]. In the open optical system
considered here, we show how the usual optical spectroscopy
techniques based on analyzing the transmission and reflection
spectra can capture finite size signatures of the corresponding
localization transition for a range of parameters. We calculate
and compare the two-photon transmission probability of the
open system to the participation ratio of the two-particle
eigenstates of the closed system and find close agreement for
arange of coupling and decay rates.

We start by reviewing the waveguide QED setup and the
Hamiltonian of interest in Sec. II. We review details of the
scattering formalism required to compute the two-photon

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.99.033835&domain=pdf&date_stamp=2019-03-18
https://doi.org/10.1103/PhysRevA.99.033835

SEE, BASTIDAS, TANGPANITANON, AND ANGELAKIS

PHYSICAL REVIEW A 99, 033835 (2019)

transmission probability in Sec. ITA and discuss the inter-
pretation of two-photon transmission probability, and its role
in characterizing the transition in a quantitative manner, in
Sec. IIC. We then compare the behavior of the transmission
probability against the known behavior of the participation
ratio in Sec. III. We first focus on the linear case when
interaction is absent, i.e., the Aubry-André (AA) model, to
investigate the delocalization-localization transition or metal-
to-insulator transition (MIT). After that, we show how the
presence of interactions affects the two-photon transmission
probability of the system. The effect of losses, which is
inherent in a waveguide QED setup, is examined in Sec. III D.
Finally, the consequences of using different input states are
discussed in Sec. IITE.

II. SETUP AND MODEL

We consider a setup as in Fig. 1 where two identical
waveguides are coupled to each end of a system (WV1 to
site 1 and WN to site N) described by the Bose-Hubbard
Hamiltonian with an incommensurate potential. The setup has
the total Hamiltonian

ﬂtol = I:Iw + Hsys + HW57 (1)

where the first term

A=) / dk k bI'b) 2)

j=1LN

describes the free propagating photons in both waveguides
with @i (@f) the photon annihilation (creation) operator in
the waveguide V. The second term is the Hamiltonian of
interest [47] given by

N
7 Al A U At A
quszz (Ejajﬂjﬁ-z ) +JZ((1 iAj+1 +H.C.),

J=1
3)
where a4; (aAj) is the annihilation (creation) operator at site
j with [&i,&;] =4;j, and €; = hcos(2mbj) is the on-site
energy. J and U are the hopping and interaction strengths,
respectively. The last term,

Z/dk/ (b]'a; + He), (4)

j=1LN

describes the system-waveguide interaction.
The Hamiltonian in Eq (3), Hgys preserves the total number

of particles N = Y = la .d;. Hence, from now on, we will

denote the dy = (¥ +AA;[ D eigenstates in the M-particle man-
ifold by |[E™) with eigenenergies EMfora=1,2,...,dy
and E(M) E(M) E(M)

When U =0, Eq (3) is equlvalent to the Aubry-André
(AA) model. As shown in [48], when the potential is incom-
mensurate, i.e., b = IT_ the model exhibits a MIT at the
critical potential strength i/J = 2. If one takes into account
the effects of interaction between particles, the situation can
change dramatically. For example, it has been shown that
there exists delocalized two-particle bound states [49,50] in
the localized phase of the noninteracting AA model (when
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FIG. 1. Two waveguides are coupled to each end of the lattice.
We input two photons with momenta k; and k, from waveguide W1
and investigate the statistics of the scattered photons at waveguide
WN as a function of disorder for a fixed value of the on-site
interaction. The sum of the momenta k; + k, is resonant with the
eigenstate |E). We also consider how losses in the one-dimensional
chain affect the statistics of the output light. (a) If |[E®) is delocalized
over the system, it will couple strongly to both waveguides W1
and WN, allowing the two input photons to be transmitted at WN.
(b) If |E?) is localized, it will couple weakly to both waveguides.
Hence, the two-photon transmission at VWN is strongly suppressed.
(c) A diagram showing the choices of k; and k,. To maximize the
probability of the first photon entering the system, k; is set to be
resonant with one of the one-particle eigenstates |E\"). The second
photon then populates |E{”) from |E ). However, since we are only
interested in the properties of |[E(®), we later reduce the contribution
of |E{") by varying k; to be resonant with all possible |E\"), and
averaging the two-photon transmission probability measured at WWN.
The resonant condition for the input state also ensures that two-
photon scattering has the largest contribution in the output.

h/J > 2). It has also been shown that such a MIT becomes
an ergodic-MBL transition in the presence of interactions
between the particles [43]. In this case, the localization prop-
erties of the states depend on the energy, and one can possibly
have a many-body mobility edge, though its existence is still
under debate [51]. Recently, the AA model with interaction
has been implemented using superconducting circuits [6].

A. Photon scattering for few-body spectroscopy

In order to observe interaction-induced effects, at least two
photons are required to be in the system. For this, we send two
photons to the system, each with different momenta k; and k;
via waveguide YW1, denoted by the input state |in; k;, k»). The
probability of detecting two photons in the waveguide WWN,
i.e., the two-photon transmission probability, for a given input
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lin; ki, k2), is

1
P(ki, k) := zfdpldpz p(p1, p2lki, k), )

where p(pi, p2lki, kz) is the conditional probability of de-
tecting two photons with momenta p; and p, via waveguides
VWN. 1t has the expression

p(p1. p2lki, ko) =[(01By by lout; ki, k2>|
=[(01BY B Slin; ky, ko) |

, (6)

with S the scattering operator and |out; k1, kp) = S lin; k1, k»).

To investigate the properties of a particular two-particle
eigenstate, |Eo(l2)) of Eq. (3), we consider input photons with
momenta k; and k, such that k; + k, = E». Moreover, we
want to consider cases where two-photon scatterings are fully
resonant, i.e., one of the photons has to resonantly excite
one of the single-particle eigenstates, |E/51)). The resonant
condition reads

k=E", ky=EP—-E" with p=1,....d. (7

In order to dilute the effects of a particular single-particle
eigenstate, we take an average over all d; resonant paths, and
define the quantity

d
1
T®():=—Y PEVEP - EPD). 8
(a) dl - ( 1% o I3 ) ( )

T® () is simply the two-photon transmission probability of a
given eigenstate |E?) averaged over all paths where the two-
photon transitions are resonant. The input state is chosen such
that the contribution arising from two-photon scattering into
the desired eigenstate is the largest at the output. The intuition
behind the choice of this quantity is discussed in Fig. 1.

Next, we investigate how 7 () is able to show signatures
of a delocalization-localization transition by comparing it
with the known behavior of the participation ratio [52]. The
participation ratio is defined as

R(x) = ”
i<j |Ci,j

1
—|4, )

where |E)) =37 ¢l 1i, j) and ¢f; = (i, jIESY) are the
coefficients of |E(2)) in the Fock state basis {|i, j) =
AT“/JI +6;;10); i < j}. When an eigenstate is delocal-

ized, cf; ~ 1//d> for all (i, j) and hence R(x)~ d, and
log,, R(oz) ~ 1; however, when an elgenstate is localized
around a conﬁguratlon lio, jo), € zo, jo ~1and ¢f; = L ~ (0 other-
wise, hence R(a) ~ 1 and log,, R(a) ~ 0

The participation ratio R(«) can be computed by diagonal-
izing the Hamiltonian whereas the two-photon transmission
probability T®(«) is fully characterized by the scattering
operator. These quantities are intimately related. The partic-
ipation ratio R(«) is a measure of how extended a given
eigenstate |E(§t2)) is in the Fock state basis {|i, j)}. Certainly,
transmission is possible when the eigenstates are delocalized
because there are overlaps between the states and the waveg-
uides W1 and WN at sites 1 and N respectively. Conversely,
if a given eigenstate with energy E(? is localized in the Fock

state basis, the probability that two photons can be transmitted
between the waveguides is small.

In the following subsection, we will outline the steps
to compute the scattering elements, which allows one to
reconstruct the scattering operator. After which, we pro-
vide a quantitative analysis on the motivation for proposing
the quantity 7®, and discuss the role the resonant condi-
tion (7) plays in making T® a good diagnostic tool for
the delocalization-localization transition. We do this before
the discussion of the results in order to contrast the behavior
of the two-photon transmission probability 7@ («) with the
logarithm of the participation ratio log, R(« ). Both quantities
are expected to vary from a finite value towards zero as i/J
increases, because the system undergoes a delocalization-
localization transition around h/J = 2. We would like to
emphasize that, in the interacting case, the localization length
of the states depends on the energy. Therefore, we expect
T@(a) and log,, R(a) to have a dependency on E).

B. Transmission spectra from scattering theory

Following the formalism developed in [31], the scattering
elements of this setup can be calculated using the effective
Hamiltonian

A = Ay — i@l + ), (10)
instead of the full Hamiltonian. Note that H.s is non-
Hermitian and therefore its eigenenergies are complex in
general. From now on, [£*") and (| will denote the right
and left M-particle eigenstates of Hegr with eigenenergies ™).
As before, there are dj, eigenstates in the M-particle manifold
of ﬂeff.

With this, we have all the elements that we need for the
diagrammatic approach in [10]. The advantage of the latter
is that the expressions for the scattering elements can be
written down directly with the aid of scattering diagrams. Our
aim in this section is to explicitly calculate the probability,
P(ky, ky) by integrating out p(pi, pa2lki, kz) as in Eq. (5).
The probability, P(k;, k») is of utmost importance because it
allows us to obtain the two-photon transmission 7®(a) in
Eq. (8).

We consider input states with a finite momentum width
by deﬁning the operator é” = [dq xi(q)b't, where xx(gq) =

NE - k +7 - This creates a photon in the waveguide VW1 with a

Lorentzian momentum profile centered around k with width
o (we set 0 = 0.01J in this paper). Thus, the input state

is |in;ky, ko) = —Wi,k B,'B,[10), where M(ki,ky) =1+
402/ [(k; — ky)? + 40?] is the normalization constant. The

conditional probability of detecting two photons of momenta
p1 and py at WN, p(py, pa2lki, ky) defined in Eq. (6), is then
given by
p(p1, p2lki, k2)
_ 1
Mk, k)

2

/dmd% Xk (@) Xk, (g2)S(P1, P23 q1, G2)
(11)

In the previous expression, S(p1, p2; q1, q2) is the two-photon
S-matrix element with input photons of momenta g; and
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FIG. 2. Diagrammatic method to calculate the scattering ele-
ments by summing up all possible optical absorption and emission
paths. Scattering diagrams for (a) two-point Green’s function and
(b) four-point Green’s function.

GV (py,pa; k1, k)

g> via W1 and output photons of momenta p; and p, via
WN [53].

From the previous discussion, we can see that the core of
the calculation is to find the two-photon S-matrix element,
S(p1, P23 q1, g2)- The latter can be decomposed in terms of

J

)
IK
GV (p1, g1, o) = —5 8P+ P2~ a1 — @)

the one-photon S-matrix element S(p;¢q) and the four-point
Green’s function, i.e.,

S(p1, p2:q1, q2) = S(p1:91)S(p2;q2) + S(P2: q1)S(p1592)
+G(p1, p2; 91, 2), (12)

where the one-photon S-matrix element equals the two-point
Green'’s function [54],

S(p;q) = G(p; q). (13)

Here is where we can appreciate the power of our diagram-
matic approach [10]: the two- and four-point Green’s func-
tions can be represented by scattering diagrams, as depicted
in Fig. 2 showing all possible optical absorption and emission
paths. The expressions for the Green’s functions can then be
written down directly based on the diagrams. For example, the
two-point Green’s function is given by

d

G(p;q) =) (Olay[&)(ED]a}10)

pu=l1

—iK
m

with the system operators dy and &I evolving according to the
effective Hamiltonian in Eq. (10) and the sum is taken over
all d; single-particle eigenenergies, £, of Heg. Similarly, the
four-point Green’s function,

2

Gpr, priai @) =Y GV(p1, pasqrq2)  (15)
=1

with

v

and

. 2
IK

GP(p1.p2iqr q2) = —=—=8(p1+pr—q1 —q2) Y
27 o

« 3 (<0|aN|s$”>(s‘$”|ai|0><0|aN|s,5‘>><§,§'>|a1|0>
(p2 - Elsl))(‘11 - 1’1)(‘11 - ;(tl))

+ all permutations of {g;, ¢»} and {p;, p2}> (16)

(oo
(p2— 551))(611 +q2 — «f,gz))(éh - ,Sl))

+ all permutations of {q, ¢»} and {p, p2}>. a7

Again, the system operators dy and df evolve according
to the effective Hamiltonian, H.; and the sums are taken
over all single-particle eigenenergies, & ;(Ll) and £V and two-

particle eigenenergies, ééz) of H.;. With the knowledge of
S(p1, p2; q1, q2), the probability P(k;, k») is then calculated
by doing the integration in Eqgs. (11) and (5).

C. Relationship between transmission probability
and participation ratio

In this section, we will discuss the relationship between
the two-photon transmission probability, 7®), and the partic-
ipation ratio, R, by looking at the resolvent operator G(E) :=

(

(E — ﬂsys)_l. In [55], the authors defined the localization
length of two-interacting particles (TIP) as

= — lim ——— In|(N, N|G|1, 1)?, 18
™ NLmooz(N_l)nH IGI1, 1) (18)

where |i, j) = afa}//T+5;;10) with i < j is the Fock state
defined previously. This definition is a direct generalization of
the linear case where the single-particle localization length is

defined as [52]

In| (NIG|1) | (19)

1
=— lim ———
A N—>oo 2(N — 1)
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Here, we show that for TIP, the two-photon transmission
probability 7® defined in Eq. (8) is approximately pro-
portional to the matrix element in the definition of TIP’s
localization length, i.e.,

T@ ~ C|(N,N|G|1, 1) |, (20)

where C is a constant. For U = 0, the four-point Green’s func-
tion vanishes and one can evaluate T® easily and compare
it with | (N, N|G|1, 1) |? expressed in spectral representation.
For U # 0, note that T® is defined for very specific input
states, namely states that satisfy the resonant condition (7).
The resonant condition (7) guarantees that the two-photon
scattering events are fully resonant and thus have the largest
contribution to the transmission probability. In other words,
T will consist mainly of contribution from fully resonant
two-photon scattering processes corresponding to Eq. (17).
The other terms, Eqs. (14) and (16), in its expression corre-
spond to off-resonant processes and hence have small ampli-
tudes. The argument is laid out in more detail in Appendix A.
Using Eq. (20), one can estimate the TIP’s localization length
using T by

1 1 )
~ = — lim

—~— —  InT?, 1)
A A; N—oo 2(N — 1)

where we have defined the quantity A, as an effective TIP’s
localization length derived from the two-photon transmission
probability.

Following the line of reasoning above, it is clear that when
U #0 the connection between T® and | (N,N|G|1, 1) 2
relies heavily on the dominance of two-photon resonant paths,
achieved by choosing appropriate input states. This justifies
the choice of the input states in the definition of 7 and
one can see how the argument will fail if different input
states are chosen instead, where the term describing two-
photon scattering events [Eq. (17)] that is closely related to the
resolvent operator’s matrix element no longer has the largest
contribution.

On the other hand, the participation ratio is approximately
inversely proportional to the sum of the squared of the diago-
nal elements of the TIP’s resolvent operator,

RNy =Y |4 JIG(ED)i i) [ (22)

i<y

where the sum is taken over all d, two-particle Fock states.

Quantitatively, T® is very different from R. However,
both quantities are intrinsically related to the delocalization-
localization transition. Since T can be used as an estimate
for TIP’s localization length, it characterizes the asymptotic
behavior of an eigenstate. R on the other hand, corresponds to
the volume occupied by an eigenstate. Therefore, one would
expect both quantities to behave similarly as the system tran-
sitions from delocalization to localization. In the upcoming
section, we show that they indeed exhibit qualitatively good
agreement in the characterization of the transition by consid-
ering different strengths of quasiperiodicity and interaction.
We also provide numerical evidence in Sec. III E on how input
states which do not satisfy Eq. (7) are unable to correctly map
out the delocalized/localized properties of an eigenstate.

(a) N=15U=0

log,R

I0.8

0.6

0.4

I0.2

7@

IO‘I

0.01
0.001
I0.000]
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(b) Index of eigenenergies, &

N=15U=0,k=0.25]

20 40 60 80 100 120
Index of eigenenergies, «

FIG. 3. U = 0: Participation ratio vs transmission spectra.
(a) The participation ratio log,, R(a) and (b) the two-photon trans-
mission probability T («), for U = 0. Here, N = 15 and b = %
Both diagrams show a transition from finite value to zero at h/J = 2,
with the latter being an open system with a realistic waveguide
system coupling of x = 0.25J.

III. SIGNATURES OF LOCALIZATION TRANSITION
IN THE TRANSMISSION SPECTRA

A. Localization due to quasiperiodic potential
in the absence of interaction

In this section, we apply the methods discussed in the
previous section to calculate the two-photon transmission
probability. This will allow us to unveil signatures of local-
ization of interacting photons. For all the results in this paper,
we will be using a system-waveguide coupling strength of
k = 0.25J. The rationale behind this choice is that if x/J is
too small, the two-photon transmission will be weak. If « /J is
too big, the probe will not be able to resolve each eigenstate,
which goes against our intention of studying how interaction
and quasiperiodicity affect different eigenstates. Hence, we
have chosen the coupling strength such that it is smaller than
the typical separation of the energy levels, which is equal to J
but large enough such that there is sufficient transmission.

We first study how the two-photon transmission probability
T (a) changes as h/J is varied when U = 0, i.e., the AA
model. As mentioned previously, the AA model exhibits an
MIT when h/J = 2. This is evident in Fig. 3, which shows
how the participation ratio and the two-photon transmission
probability change as h/J is varied for N = 15 lattice sites.
In Fig. 3, density plots of 7®(«) and log,, R(c) show similar
behavior where they are close to zero in the localized phase
(h/J > 2) but are nonzero while in the metallic phase (h/J <
2). For both quantities, the transition happens roughly at
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(a) N=15U=3.3]
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(b) N=15U=3.5],k=0.25]
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FIG. 4. U = 3.5J: Participation ratio vs transmission spectra.
Comparison between (a) the participation ratio log,, R(e) and (b) the
two-photon transmission probability 7®(a), for U = 3.5J. Here,
N=15and b= % For (b), x = 0.25J/. Both quantities show
similar behavior. The delocalization-localization transition happens
at different values of //J for different eigenstates.

h/J = 2 for all eigenstates. This is no surprise since, in the
linear case, the two-photon transmission probability is just the
product of one-photon transmission probabilities, which are
directly related to the localization length [52].

B. Localization due to competition between quasiperiodicity
and interaction

Next, we study how on-site interaction (U # 0) changes
the transition. Again we will be looking at the same quantity
T@(«) as defined in Eq. (8) and comparing it with the known
behavior of the participation ratio, log,, R(«) [Eq. (9)].

For N = 15 lattice sites, Figs. 4 and 5 show the comparison
between the participation ratio and the two-photon transmis-
sion probability for U = 3.5/ and U = 10J, respectively. It
is commonly believed [56,57], though debatable [51], that
the presence of interaction between particles causes different
eigenstates to localize at different values of #/J, forming
what is called a mobility edge. This is observed in both
quantities at two different interaction strengths in Figs. 4
and 5. Furthermore, the two-photon transmission probability
T@(a) produces very similar behavior as log, R(a).

Interestingly, when U = 10J, 15 eigenstates (« > 106)
localize almost as soon as i/J > 0. Notably, the two-photon
transmission probability 7®(«) produces the expected be-
havior of R in this scenario. To understand why this happens,
consider the two-particle manifold in Fock state basis: it con-

@ N=15U=10J
log;,R
I0.8
0.6
‘ : i - 0.4
|0.2
0 ]
20 40 60 80 100 120
Index of eigenenergies, «
®) N=15,U=10J, k = 0.25]

Index of eigenenergies, «

FIG. 5. U = 10J: Participation ratio vs transmission spectra.
Comparison between (a) the participation ratio log, R(a) and (b) the
two-photon transmission probability 7®(«), for U = 10J. Here,
N =15 and b = @ For (b), k = 0.25J. Both quantities show
similar behavior. The delocalization-localization transition happens
at different values of i/J for different eigenstates.

sists of N(N — 1)/2 singly occupied (one particle per site) and
N doubly occupied (two particles per site) Fock states. In the
strongly interacting limit where U >> h, J, the space spanned
by the singly occupied states, S = {|i, j);i < j}, is almost
disjointed from the space spanned by the doubly occupied
states, D = {|i, i)}. This causes the eigenstates of the system
to be dominated by either the singly occupied or the doubly
occupied Fock states, with the latter having higher energies. In
this regime, one can decouple D and S using the Schrieffer-
Wolff transformation to find an effective Hamiltonian in D
which describes the behavior of the N high energy eigenstates
(Appendix B). It turns out that the effective Hamiltonian
in D to the lowest order resembles that of the AA model
with a delocalization-localization transition at h/J = 2J/U.
In contrast, the effective Hamiltonian in S to the lowest order
equals the original Hamiltonian, Hyy. Hence, in the strongly
interacting limit, interaction alters the behavior of the high
energy eigenstates such that they localized significantly faster
as compared to the other eigenstates. Our numerical results in
Fig. 5, which has N = 15 and U = 10J, agree perfectly with
the theoretical analysis where the 15 high energy eigenstates
have a transition at 2/J = 0.2.

C. Scaling with N

In this section, we study how the participation ratio, R and
the two-photon transmission probability 7 scale with the
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system size, N. Following the discussion in previous sections,
we will be comparing the quantities, log,, R and A, [Eq. (21)],
instead of the participation ratio and the two-photon transmis-
sion probability for ease of analyzing the significance of the
results. In the limit of large N, log,, R approaches the fractal
dimensionality of a state. It is equal to 1 when the state is
fully delocalized and is equal to 0 when the state is localized
[52]. On the other hand, A, as a measure of localization
length should increase with N when a state is delocalized but
should approach a small finite value when a state is localized.
Furthermore, when U = 0 in the AA model, one can show
that (Appendix A)

1
As

1

E=Ey) A

~
~

1
— , 23
E=E? M @3)

—g
E=E{)

where E(») = Eo([}) + Eo(é) In the original paper by Aubry and
André [48], they showed that when h/J > 2 all states are
localized and the single-particle localization length 1/A; =
In(h/2J). Combining this with Eq. (23), we get that, in the
noninteracting regime where U = 0,

1 h
— ~2In{—), (24)
As 2J
for h/J > 2.

In Fig. 6, we show how log, R and A, scale with the
system size N for three different eigenstates |E(>), where
o =1, |dy/2], and d, correspond to the lowest, middle, and
highest energies, respectively. Magenta dashed lines indicate
AA model’s predicted transition at i/J = 2. For plots of
A,, gray dashed lines labeled AA represent the expected
behavior in the AA model as in Eq. (24). For the highest
energy eigenstate o = d,, cyan lines indicate the theoretical
transition of i#/J = 2J/U in the strongly interacting limit of
U>h,J.

When U =0, log,, R shows a transition for all three
eigenstates, with a finite nonzero value when h/J < 2 that
approaches zero after #/J = 2. The plots become more step-
like around the transition point, #/J = 2, as N increases.
On the other hand, A, also shows a transition for all three
eigenstates with an N dependent large value when h/J < 2
which approaches the same small finite value after #/J = 2. In
the localized phase, #/J > 2, the behavior of A, approaches
the linear case described by Eq. (24) as N increases.

When U = 3.5J and 10J, we observe that the behavior of
the lowest energy eigenstate, « = 1, is very similar to that
when U = 0 for both of the quantities. This is unsurprising
as the lowest energy eigenstate is most likely made up of only
Fock states in the singly occupied subspace, S. This results
in a behavior that is “linear,” similar to the one when U = 0.
Fora = |d>/2], the quantity log,, R shows a transition around
h/J = 2 similar to that described for U = 0. A, in Figs. 6(e)
and 6(h) displays a more step-like drop around k/J =2 as
compared to Fig. 6(b), but both approach the same linear case
as the latter when N increases.

For the highest energy eigenstate, « = d, when U # 0,
both quantities in Figs. 6(f) and 6(i) show a transition at
h/J = 2J/U, which is predicted using the Schrieffer-Wolff
transformation. This is expected for U = 10J, as we have
already seen the appearance of the transition when looking

at the full density plot in Fig. 5. However, what is also
interesting is the reasonably good prediction of the transition
even for U = 3.5J % J. If we look at Fig. 4, there are a few
highly excited eigenstates that localize much faster than the
rest at roughly the predicted transition point of #/J = 2J/U.
The number of such states is smaller than N although the
effective Hamiltonian that gives rise to the predicted transition
describes the whole doubly occupied subspace D, which has
dim(D) = N. This seems to suggest that the N highest energy
eigenstates are not only coming from D, but are also having
an increasingly non-negligible contribution from S as the
energy decreases. The assumption that S and D are almost
disjointed such that all the N highest energy eigenstates have
dominating contribution from D hence breaks down. In spite
of that, the effective Hamiltonian for D from the Schrieffer-
Wolff transformation (Appendix B) still seems to describe
the behavior of high energy eigenstates which have majority
contribution from D, just that there are fewer such states when
U=>JbutU % J.

Further evidence to support the deduction that the @ = d,
eigenstate has non-negligible proportion in S when U = 3.5J
(but negligible in S when U = 10J) can be found from the
value of logd2 R when the eigenstate is most delocalized, i.e.,
when & = 0. If an eigenstate sits in D and is fully delocalized,

log,, R =log,, N — % as N — oo. (25)

In Fig. 6(i), when U = 10J, 1ogd2 R = 1/2 when h = 0 for all
the values of N investigated, whereas in Fig. 6(f) where U =
3.5J,log,, R > 1/2 when h = 0 for all values of N. Although
in Fig. 6(f) log,, R decreases as N increases, it is unlikely that
it will approach 1/2 in the limit of infinite N since the value at
N = 15 almost coincides with that of N = 20. This supports
the suggestion that there are indeed more than just the Fock
states from D that make up the highest eigenstate, o = d,
when U = 3.5/J.

Additionally, in the interacting regime, the behavior of
log,, R is different from A, as h/J increases. As shown in
Figs. 6(f) and 6(i), log,, R shows a drop from a finite value to
zero ath/J = 2J/U, whereas A, shows adrop ath/J = 2J/U
but plateaus in the range 2J/U < h/J < 2, which eventually
falls off to a value independent of N when //J > 2. When
h/J > 2, A, also seems to approach the linear case, given by
the gray dashed line, as N increases. From the plots of A,, it
appears that there are two different transitions corresponding
to two different mechanisms: one due to interaction at h/J =
2J/U, another due to quasiperiodicity at #/J = 2. However,
this feature is completely absent from log,, R, where only the
transition due to interaction is observed.

To summarize, the proposed two-photon transmission
probability is clearly capable of capturing the delocalization-
localization transition, and we show this by studying the scal-
ing of its derived quantity, A,, an effective TIP localization
length, with the system size N. We compare the scaling of
A, with that of the participation ratio log,;, R. When N in-
creases, log, R approaches a finite value when the eigenstate
is delocalized while dropping more step-like to zero around
the transition point, and it remains zero deep in the localized
phase. A,, on the other hand, is N dependent as long as the
eigenstate is delocalized but converges to be N independent as
the eigenstate transitions from delocalization to localization.
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FIG. 6. Scaling with N: Participation ratio vs effective TIP’s localization length. (a)-(c) U = 0 (AA model), (d)—(f) U = 3.5/, and (g)-(i)

U = 10J for three different eigenstates: o« = 1, |d>/2], and d,. Here,

b= % and « = 0.25/. Both quantities log,, R and A,, approach

the same transition point as N increases. Magenta dashed lines indicate the AA model’s predicted transition at #/J = 2. For plots of A,
gray dashed lines labeled AA satisfy the equation 1/A, = 21n(h/2J) for h/J > 2. It is the infinite N limit of the effective TIP’s localization
length in the AA model. For the highest energy eigenstate « = d,, cyan lines indicate the theoretical transition of #/J = 2J/U in the strongly

interacting limit of U > h, J.

The convergence of A, with N around the transition point
also appears to mimic the linear case of the AA model given
by Eq. (24). Notably, both quantities capture the theoretically
predicted transition point at #/J = 2J/U when the system is
in the strongly interacting limit, but A, appears to have an
intermediate phase at 2J/U < h/J < 2 which is not observed
in log,, R. The difference in behavior for these two quan-

tities can be understood from the fact that R measures the
volume occupied by an eigenstate whereas A, characterizes
the asymptotic decay tail of an eigenstate. Both give a clear
change when the system transitions from delocalization to
localization but they do so by displaying different aspects of
the system.
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FIG. 7. Effect of local losses: Plots of two-photon transmission
probability, T®(«), for two different local loss rates of (a) y =
0.0001J and (b) y = 0.1J for the same waveguide system coupling
of k = 0.25J. Here, N = 15, U =3.5J,and b = @ The presence
of local losses washes out most of the features observed in the
lossless case. However, when the loss rate is much smaller than the
coupling strength, y /k < 1, the mobility edge is still clearly visible.

D. Effect of local losses

The waveguide QED system that we considered is inher-
ently lossy. To take local losses into account, we couple each
site to a harmonic bath. These baths are treated as virtual
waveguides that cannot be tracked. If all the sites have the
same loss rate y, following Sec. II B, the scattering elements
can be calculated by considering the effective Hamiltonian

N
A A Y At A
Hioss = Hefr — lz ;ai a; (26)

with A as defined in Eq. (10). The steps for computing the
two-photon transmission probability are exactly the same as
outlined in Sec. II B, but now with the effective Hamiltonian
Ao instead of A

Now, let us consider an interaction strength U = 3.5J and
look at the density plots of 7 in the presence of local losses
and consider two cases, where y = 0.0001J (y/k < 1) and
y = 0.1J (y /k ~ 1) as shown in Fig. 7. Comparing the lossy
case of Fig. 7 with the lossless case of Fig. 4, it is clear that
the absolute value of 7 is reduced when the system is lossy.
This effect becomes more prominent with increasing loss
rate, and when y /k ~ 1 previously observed features almost
completely disappear, as shown in Fig. 7. This is unsurprising
because the sum of all probabilities of two-photon outputs,
including ones through the virtual channels that cannot be

N=15U=3.5],k=0.25]

20 40 60 8 100 120
Index of eigenenergies, «

FIG. 8. Coherent state input: Plot of the two-photon transmission
probability with identical photon momenta input (a small coherent
state), 7.2 (). Here, N = 15, U = 3.5J, b = ¥3-1 and k = 0.25/.

T.%2) behaves very differently from 7 and log,, R.

tracked, has to be 1. The existence of losses through the
virtual channels thus greatly reduces the probability that two
photons are transmitted through channel WN, hence washing
out the appearance of mobility edge. Although losses break
the conservation of photon number, they do not change the
intrinsic characteristics of the two-photon transmission from
the ideal scenario. This is because if, for example, one photon
is transmitted and the other is lost, it does not contribute to
the measurement of the two-photon transmission probabil-
ity. Furthermore, the losses we consider are homogeneous,
which makes these lossy processes homogeneous as well.
This results in the reduction of the two-photon transmission
probability, but not a change in its characteristics.

Fortunately, even though the two-photon transmission
probability is suppressed by losses, for small loss rate in the
strong coupling regime, y /k < 1, the mobility edge is still
visible. The strong coupling regime where y /k < 1 is within
current experimental reach, where ratios of y /x ~ 1074-107%
have been achieved [58—61]. Similar arguments can also be
made even for the general case of an N-photon transmission
probability.

E. Scattering of coherent light

The two-photon transmission probability 7@ («) defined
in Eq. (8) consists of all scattering processes that are fully
resonant. Is the fully resonant condition (7) necessary and
justified? For instance, if one considers a weak coherent laser
field as an input, the two-photon sector of a coherent state
produced by a laser corresponds to the scattering process with
an input of identical photon momenta. Will the signatures of
the underlying localization transition still be apparent in the
transmission spectra or does one have to scatter photons with
different frequencies as in the previous section? To answer
this, we need to redefine the two-photon transmission proba-
bility as follows, with an identical photon momenta input:

5 (@) = P(E® /2, EP )2), (27)
where I;(EOSZ)/Z, EX/2) is as defined in Eq. (5) with k; =
ky = E®.
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Figure 8 shows the density plot of Tc(ozh) when N =15
and U = 3.5J. By comparing chh) and T® from Figs. 8
and 4 respectively, it can be seen that the coherent-state-like
input that does not fulfill the resonant condition gives rise
to a qualitatively dlfferent behavior. It can be seen that the
density plot of TCnh does not resemble that of R. The choice
of input state therefore affects the transmission probability
greatly. The numerical evidence presented here together with
the quantitative argument in Sec. IIC support the need to
impose the resonant condition (7). Advantages of the fully
resonant scenario over the coherent input scenario were also
previously investigated in the Bose-Hubbard dimer [9].

IV. CONCLUSION

We analyzed how correlated photon transport in a non-
linear photonic lattice with disorder can be used to probe
signatures of localization transition. By merging scattering
theory with input output formalism, we calculated the trans-
mission spectra for various values of interaction and dis-
order strength and found patterns very similar to the well
known participation ratio of the eigenstates characterizing the
delocalization-localization transition. Interestingly, the two-
photon transmission probability shows how two competing
mechanisms, disorder and interaction, influence the transition

J

in the highly energetic eigenstates, which is not seen by
just observing the participation ratio. We also discussed how,
in experimental situations where the local emitters might
exhibit additional local losses, the two-photon transmission
still performs well as long as the loss rate is much smaller than
the waveguide-system coupling rate. As future work, it would
be interesting to study the scaling of the method for larger
numbers of photons, aiming at resolving more eigenstates and
probing other exotic phenomena. For that, the development of
an approximate method to deal with the cumbersome nature
of the scattering approach will be needed.
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APPENDIX A: QUANTITATIVE DETAILS OF THE RELATIONSHIP BETWEEN TRANSMISSION PROBABILITY
AND PARTICIPATION RATIO

If we approximate the two-photon input as delta pulses, i.e., xx(g) = §(k — g), the two-photon transmission probability (5)

for a given input |in; ky, k») can be expressed as

1
Pk, ko) = |G(k1;k1>|2|G<kz;kz>|2+2Re[G*(kl;koG*(kz;kz)G(kl,kz;kl,kz)]+E/de(p, ki +ky — pyki, k)?, (A1)

where we have used G(p; ki) and G(p1, p2; k1, k2) to represent the two-point and four-point Green’s functions defined in Egs.

(14) and (15) without the delta function factor in them.

In the linear case when U = 0, the four-point Green’s function, G(py, p2; k1, k») vanishes, as it describes only nonlinear

effects. Hence, Eq. (A1) will become P(k;, ky) = |G(ky; k1) |?|G(ka; ko) ?

|E®), T@(a), is then given by

TO(a) = —-EV)
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where we have approximated the summation in the definition of 7 by an integral.
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When U # 0, the four-point Green’s function is nonzero. However, due to the resonant condition in Eq. (7) where only fully
resonant two-photon transitions are considered, we only have to evaluate the expression

1 1
PEC ED — E) % 5 [ apl6(p D = p B ED O % 5 [ dpl6? (o, 2 - i ED — ED)P. - a3)

The first approximation comes from the fact that the amplitudes of the first two terms in Eq. (A1) are much smaller compared
to the third term, since the former contain a factor G(E* — E 1(1'); E® —E ,(41 )) which corresponds to one-photon transition that is
off resonant as long as U # 0. Next, notice that the four-point Green’s function is a sum of two diagrams: G which describes
two one-photon transitions and G which describes a single two-photon transition (Sec. I B). By the same argument that the
off resonant one-photon transition factor in G will make its amplitude much smaller compared to the fully resonant G, we
make the approximation in the last line of Eq. (A3).

By using (A3) and approximating the summation by an integral, we have

d
1
10 = 5 Y P(E ED - E)
n=1

1
A 2 Z/dp!(;@)(n E® _p;E;LI), E® — E,(Ll))|2
u=1

1 2
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o T 5/3/ SH, - ‘i:;t

) . A P . .
Next, we write the matrix element of the resolvent operator, G(E) := (E — Hyy,)  in Eq. (18) in spectral representation as

, & . _adl? (0lax |EY) (ES]ai?10)
N,N|G(E)|1, 1) = (0| 2L (E — Ay) ' = 0) = (A5)
(N.NIGEIL 1) = (0% w) ' 510) ; 2E-£7)
When U = 0, it can be expressed in terms of single-particle eigenenergies and eigenstates as
R Olay |EPVES |aT10) (0lay|EV)(ESY |aT10)
(N,N|Q(E)|1,1)=Z N| /31)( Bi | 1 N| /32>< B 11 . (A6)

) (1)
Bi.B2 £ Eﬂl o Eﬁz
Comparing Eq. (A2) with Eq. (A6) and Eq. (A4) with Eq. (A5), we see that the transmission probability is roughly proportional
to the modulus squared of the matrix element of the resolvent operator as given by Eq. (20), iA.e., T® =~ C|(N,N|G|1, 1) |
Similarly, the relationship between the participation ratio R and the resolvent operator  can been seen by expressing the
diagonal of G in spectral representation,

, ) i, JIEPVEPi, j &I
(i JIGEi. j) = (Olaia;(E — Hys)™aaj|0) = ; ( |;_>(E§) ' Zﬁj E‘_—% (A7)

Finally, comparing Eq. (9) with Eq. (A7), we deduce the relation Eq. (22), which is R™"(a) = Y_,; | (i, FIGEDHi, j) .
Another natural question one would ask when looking at Egs. (A2) and (A6) in the linear case of U = 0 is how similar they
are with the matrix element in the definition of the single-particle localization length A, in Eq. (19). From Eq. (A6), it is obvious

that
5 () — A (D) 5 (D)
(N,NIG(EZ)I1, 1) = (NIG(EX) 1) (NIG(ED)1) (AB)
where E(») = Eo(t}) + E{). Hence,

T @)~ C| (NISEM) 1) (NIGED) 1) [,

(A9)
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where C is a constant. Combining Eq. (A9) with the definition of the effective TIP’s localization length, Eq. (21), and the
definition of the single-particle localization length, Eq. (19), one will recover the relationship

1

As

1

as in Eq. (23).

APPENDIX B: SCHRIEFFER-WOLFF TRANSFORMATION

The two-particle manifold of I-Alsys in Eq. (3) is made up of
singly occupied Fock states, S = {|i, j);i < j}, and doubly
occupied Fock states, D = {|i, i)}. In the strongly interacting
regime where U >> J, h, the two subspaces, S and D, are
almost disjointed from each other. In this regime, the hopping
term can be treated as a small perturbation, which allows us
to apply the Schrieffer-Wolff transformation [62]. Under the
unitary transformation, we can decouple the two subspaces in
the resultant Hamiltonian, A’ = ¢* Hye ™™, where § = ST is
a Hermitian operator. Our final aim is to obtain the effective
hopping (to the lowest order) within the doubly occupied Fock
states subspace, D.

We write Hyys = Hy + AV with

N
A sia U i s
Hy = Z (ejaja_,- + 3a}a;ai,~aj>, (B1)
J=1
which has Fock states |i, j) as eigenstates with eigenenergies
ES =€ t¢€; +U5ij and

N—1
W=7 (@4 +He), (B2)
j=1

which is the small perturbation.
Using Baker-Campbell-Hausdorff formula for the resultant
Hamiltonian,

A' = A+ S, A1+ 308, liS, A1l +---,  (B3)
and writing § in increasing order of A,
S=28+2128 +---, (B4)

the resultant Hamiltonian in increasing order of A is given by
H = H, (B5)

H = AV + [irS), Hol, (B6)

H = [ix81, AV] 4 [iA*Sy, Hol + 1[iASy, [iAS1, Holl, (B7)

where A/ is of order A" and the zeroth order of § is set to zero
so that H' = H at zeroth order.
In order to decouple S and D, we require that

(I,mHAi,iYy=0, VY|,m)eS, Vl|ii)eD. (B8)
Combining Eq. (B8) with the first-order equation (B6), we
have
(I, m|IAV|i, i)
EY —EY

Im

(1, mlirSyli, i) = (B9)

S —
E=E® M E=E}) A

1

(A10)

ki
E=Ey)

(

VI|l,m) €S and V|i,i) € D. Besides this constraint, there

are no restrictions on the other matrix elements, and hence

without any loss of generality we can set the rest to zero.
Since the only relevant nonzero matrix elements of AV are

i+ 1AV)i+ i+ 1) =@, i+ V)i, i) = ~2J, (B10)

fori=1,...,N — 1, the first order term of S is

N—1

. i+ 14 1) (i + 1
ixslzﬁjz<" 6’ 212} |
i+1 — €

j=1

i
+M_H>

Bl11
€ — €11+ U (B11)

Similarly, we can use Eq. (B8) together with the second-
order equation (B7) to find the constraint for S, such that S
and D are decoupled. Since the constraint will only involve
cross terms from those two subspaces, the other matrix ele-
ments can be set to zero as before.

As we are mainly interested in obtaining the effective hop-
ping term within D, the relevant matrix element to consider is
(i, i|H')i + 1, i+ 1). To the lowest order, it is given by

(i, ilH)i+1,i+1)
= (i, i [iAS, AV]i+ 1,i+ 1)
1 . " A
+ 5 (0, RS, [iASy, Hollli + 1,0 + 1)
B 2J°U
U= (6 — )

where (i, i|[iA%S,, Hplli + 1, i+ 1) = 0 by the choice of S,.
Therefore, to the lowest order, the effective Hamiltonian for
the subspace D is

(B12)

N

Ay, = Z (hpcosubj)+U)|j, j) {J, Jjl
=1

N-1
+ Y Jpi(lj. ) G+ 1. j+ 1]+ He). (BI3)
j=1

where the effective quasiperiodicity strength hp = 2k and
effective hopping strength Jp; = 2J2U/IU? — (€j41 — ej)z].

Since U > h, the effective hopping strength within D is
approximately constant, i.e., Jp; = Jp := 2J%/U V. Under
this condition, I:I/D resembles the AA model with a constant
shift of U on its on-site energy which can be ignored. Apply-
ing the same argument as in the AA model, the delocalization-
localization transition should happen at hp/Jp = 2, that is at
h/J =2J/U.

If instead U < h, it becomes inappropriate to consider
S and D as almost disjointed subspaces, and the above
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transformation will be invalid. In this situation, the dominant
effect will be coming from the strength of the quasiperiodicity
h and the interaction strength U will become negligible,
which implies that the system will be localized. Hence, after
the transition that is due to interaction happens at h/J =
2J/U for the subspace D, the system remains localized as h

increases, where the dominant effect changes from interaction
to quasiperiodicity.

Note that for the subspace S the effective Hamiltonian
to the lowest order equals to the original Hamiltonian Hgy
projected into S. This is can be seen from Eq. (B6), where the
only relevant term that sits in S is A V.
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