Chapter 3

Side-Coupled Array of Qubits

In this chapter we have studied a more commonly realized model, namely an array of
resonators to which qubits are side-coupled. Examples of realization include an array of
cavities with an atom inside each cavity or the superconducting circuit analog of this system.
The physical system investigated in Fitzpatrick et al. [2017] also corresponds to a chain of
connected resonators to each of which a qubit is side-coupled. In contrast to Fitzpatrick et al.
[2017], we consider here no photon loss from the resonators in the one-dimensional open
QED medium.

3.1 Model

The model and techniques discussed in previous chapter generalize in a straightforward
manner to the system of side-coupled qubits, for which the medium Hamiltonian, Eq. 2.1, is

given by
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Similar to the directly coupled qubit chain, b; and b; are the creation and annihilation
operators for the qubits with qubit frequency (bqj and on-site interaction U. The resonator
chain is a 1D array of bosonic resonators with creation and annihilation operators f; and f;,
respectively, and resonator frequency @,;. Each resonator in the chain is coupled to its nearest
neighbors, with coupling strength 2J,, and side-coupled with the qubit, with resonator-qubit
coupling strength g;. The side-coupled medium is coupled to the two baths through y; = fi

and xy = fn.

3.2 Analysis

The analysis of this system requires a few additional steps compared to the previous chapter

which we discuss below.

3.2.1 Truncated Heisenberg-Langevin equations

As the qubits (resonators) are bosonic, each of them can have any number of excitations.
These excited states appear as powers of b; and b;r. (fjand f }L) in the operators. To describe
the THLE, we need to consider every independent boson operator for each qubit /resonator

for each site similar to the direct-coupled array of qubits.

3.2.2 Integrating out the resonators

To model the side-coupled system of qubits, we first solve the equations for the resonators
coupled to the baths and qubits, just as it was done in the case of baths. For a single qubit-
resonator pair, we denote the expectation values of resonator operators after integrating the

baths similar to those of the qubits in Eq. 2.10 by:
Fig(t) = (f{* fl)eTFrDientt=), (32)
With this notation, the equation for the resonator variable becomes
Foi(t) = —(i8 @y, +T)Fo (1) —ig1-501(t) —iQy. (3.3)

Here, 6w, = 0, — w,, I' =T + Tk and .#(¢) is the qubit operator as mentioned in
Sec. 2.3.1. Since the resonator has no non-linearity (it is modeled as a harmonic oscillator),
we note that Eq. 3.3 is an inhomogeneous linear differential equation which is not connected

to any other variables of the resonator apart from Fj;. We now integrate Eq. 3.3 to obtain a
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formal solution of the equation as:

t t

F()](Z‘) :F()l(to)gA(t—t()) —iQy gA(t—t/)dt/—igl gA(l‘—lJ)yOl(l‘/)dl‘/, (3.4)
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where, ¥4 (1) = ¢ 470(1) and A = i8®,, + I. This is quite analogous to integrating out the

baths, except that the last integral in Eq. 3.4 retains a memory of the qubits’ time-evolution;

thus, the Eq. 3.4 is non-Markovian in nature. For simplicity, we now make the Markovian

approximation, and we replace %y (¢') in Eq. 3.4 by %51 (¢). This simplifies the equation by

neglecting any retardation effect. We can now write at long-time (1 — oo) steady-state:
F()l(t—)OO) = —iQL/A—iglyol(l‘%OO)/A. 3.5

The Eq. 3.5 is then substituted in the differential equations obtained after taking expecta-
tion of the equations of the qubits, which for m=2 at long time (¢ — o) gives

Fo1(0) = —[i8wy, +81/A] Sor —2iU A2 — 194 /A, (3.6)
Foa(o0) = —2[ibwy, +g1/A] Fon — 2iU(Fon +2.%13) — 2812101 /A, 3.7)
Ai(e) = —[g1/A+81/A*] S — g1QT10/A — §19T01 /AT, (3.8)
Aa(w) = —[i8wy, +2g1/A+81/A*] A2 — 20U (F12 +253) — 12511 /A
—81Q1 502 /A, (3.9)
In() = —2[g1/A+g1/A"] S0 — 2819151 /A — 28191512 /A", (3.10)

and the rest of the equations are hermitian conjugates of 3.6, 3.7, 3.9. The Egs. 3.6-3.10
and its hermitian conjugates can be re-written in the matrix form and solved to obtain the
steady-state solution in the same way as mentioned in Sec. 2.3.1.

For longer system lengths, similar to the system of single qubit-resonator pair, we obtain
N linear inhomogeneous equations for the resonators in an array of N resonator-qubit pairs.
Also similar to the single site case, the above mentioned approximations can be applied to
integrate the resonators’ equations and to obtain the long-time steady-state relations between
F’s and .¥’s. After integration, the steady-state relations between F’s and .¥’’s are in turn
substituted in the differential equations obtained after taking expectation of the equations of
the qubits. As the resonators can be integrated out, the numerical complexity of the problem

is determined only by the qubits.
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3.2.3 The quasi-classical analysis

The quasi-classical equations can be derived for the side-coupled qubits in the same manner
as it was for the case for direct-coupled array of qubits. For the resonator chain, let (f;) = a;
and hence for N resonator-qubit pairs in the side-coupled model we get 2N quasi-classical

equations which are

aj=—(i6w, +T';) e — 2iJc(0tj1 + 0tjs1), —ig ;B — QLS (.11)
Bj=—idaw,B;—2iU|B;*B; —ig,0, (3.12)

where, I'; =0for2 < j<N-LI1=Ipand 'y =1k If N=1, =1 +1k. Again we
use the open boundary condition, i.e. 0 = oy1 = 0. Rest of the details are again same as it
was for direct-coupled array of qubits.

3.2.4 Modified quasi-classical equations

The development for this section will follow the same procedure as of direct-coupled array
of qubits case. The correction for the on-site interaction can also be carried out for the more
realistic side-coupled system. Again, for the side-coupled system, we try to replicate the
THLE results using the QCA and obtain a similar expression for U.s. For a single qubit-
resonator pair, the complex on-site interaction also nicely captures the inelastic scattering of
the photons and related reduction in transmission.

To calculate the complex on-site interaction (Uefr) for the side-coupled qubits medium, we
match the transmission probabilities of the THLE and the QCA for a single resonator-qubit
pair. To calculate the steady-state solutions of the THLE, we consider a truncated set of the
operators ST = [Sm Soi Si1 Si12 Si2 So» Soz|. The THLES for these operators are
given by Egs. 3.6-3.9 and their conjugates. In contrast to direct-coupled qubits case, we
require a larger operator set to calculate U, in order to perfectly match the modified QCA
results with those from the THLE analysis.

After solving the set of seven coupled THLESs, we obtain the expected steady-state

(o)

solution for .#jj] in terms of .77 as
yODT:El‘i‘Ezy]oT, (313)

and the expectation value of .7 is given as

—.QL(A*Eik +AE1)
gl(A +A*) + QL(AEz —f—A*E;) ’

I = (3.14)



3.2 Analysis 33

where,

—g1Q, (I8, AA* +282A% + g1A + 2iUAA*) (i8 0, A + g7 +iUA) (i8 w, A + g3)AA*

E =
(i6wyA+g2) ((Dl )(D2)(D3) + 2iUg%QgA2)

9

(3.15)

4iUg1 QL (i8 g A+ g3 +iUA)A*
E, = ., (3.16)
(D1)(D2)(D3)AA* +2iU g2 Q2 A

where, D1 = (i§ 0, AA* +2g2A* + g1A + 2iUAA*) , D2 = (i8w, A+ g +iUA) , D3 =
(i8w,A+g3),and A = i§w, +T and I’ =TI, + . By integrating out the resonators we
have obtained the expected value Fj; in Eq. 3.5

The quasi-classical equations for the side-coupled medium at steady-state for N = 1 are

(i, +T) o +ig1B;° +iQp =0, (3.17)
i§wy, B 4-2iU B * B +igro = 0. (3.18)

The transmission probabilities for the THLE and QCA for N = 1 at steady-state is given by

2IR

JHLE = ——F{7, (3.19)
Vglin
2Th

Tca = B2, (3.20)
Vgli

where F7 is given by Eq. 3.24. Similar to direct-coupled medium’s case, we match the
steady-state THLE and QCA transmission probabilities by demanding |o* 2= Fy. Again,
we choose the phase of a;* to be the same as F;; which gives o as
FIEST
ot = Y01 (3.21)
: I

The Eq. 3.17 also gives us the expression for 87* which is B{* = —(Q. + (dw,, — i) &}*)/g1.
Finally, we replace U with U in Eq. 3.18 and solve for U.g which is given by

0wy, Bt +g1y’
2’st|2ﬁi¥r

The transmission probability even for a single qubit-resonator pair, given by Eqgs. 3.19,

Uetr = (3.22)

3.24,3.13-3.16, is a very long cumbersome expression analytically. However, several features
of this system are present even at low intensity which can be captured by single-particle

calculation presented in subsection 3.3.3.
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3.2.5 Transmission probability for the medium

For the side-coupled qubits, the output photons are coming out from the resonator at the
rightmost end and not from the qubit as for the direct-coupled qubit system. Hence, for a

medium of N qubit-resonators pairs, the transmission probability is given as

21k

Vglin

FraLe(t) = —~(fi ), (3.23)

where ( f;(, fn) is the expectation value of the number operator of the rightmost resonator. It
is found by substituting the steady-state solutions of the qubits’ variables in the integrated
output resonator’s equation at steady-state. For example, for a single qubit-resonator pair, to
find the resonator number operator (F7;1), we multiply Eq. 3.5 with its conjugate, to obtain

the final relation as

Q7+ 21Q(S01 +S0) + 8171
= yvE )
Longer system sizes can also be dealt in a similar manner. Similar to Eq. 2.30, we can obtain

Iabl (3.24)

the transmission probability for the side-coupled array of qubits using the quasi-classical

equations as
2r
R o () aw (1) (3.25)

Tacalt) = -~
glin

The reflection probability in the THLE is given by

20, oy

Faie(t) =1+ la), (3.26)

Im[{x1)|+
ol [{20)] vol
where ) is f] for the side-coupled qubits medium. We have explicitly verified numerically

3.3 Results

For THLE we solve the system of qubits equations, with resonators equation integrated out,
to obtain the transmission from the right end of the medium. We assume all the qubits and
resonators to be in their ground state and set vy = 1. Unlike the direct-coupled case, we
observe a reduction of photon transport due to effective photon-photon interactions only
at intermediate intensities for the side-coupled system. At very large intensities, the side-
coupled system starts to behave more like a resonator chain without any qubits. This is
because the qubits get saturated by the photons and are no longer able to create effective
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photon-photon interactions blocking the photon transport through the resonator, which results
in recovery of photon transport at a high intensity.

We show the transmission results for the medium of one qubit-resonator pair coupled
to the baths in Fig. 3.1. The two columns in the figure correspond to two different qubit-
resonator coupling strengths (g), which are g; = 0.02®, on the left and g; = 0.05w, on the
right. The basic features of the side-coupled qubits’ transmission profile at low intensity can
be seen in Fig. 3.1(a,b), where we observe two transmission peaks with perfect resonant
photon transport separated by a large valley with a minima in transmission at @, = @,. We
have chosen the resonator (®,,) and qubit (®,, ) frequencies to be equal in Fig. 3.1, however,
when resonator and qubit frequencies are not equal, the minima in transmission occurs
whenever @, is equal to the qubit frequency. The maxima in transmission at low intensities of
incident light are near the resonance frequencies (or normal modes) of the isolated medium,
and the minima in between the two resonance frequencies is due to destructive interference
(subsection 3.3.3). The effect of increasing g, at low intensity, can be seen in Fig. 3.1(b)
where the two peaks have now moved further apart and the dip between them has become
broader, which suggests an increased influence of the qubit in the medium.

In the first four rows, [, gradually increases on going down the columns. The THLE
analysis shows that the increase in intensity initially causes disruption of photon transport
and the transmission peaks to lower down, Fig. 3.1(c)-(h), which is similar to lowering of
transmission observed in the direct-coupled qubits system. The reduction in transmission is
again due to the effective photon-photon interactions at higher intensities mediated by the
on-site interaction present in the qubits. Such effective interactions block the propagation of
light. We observe that higher values of g; in the second column causes a greater reduction
of transmission as the influence of the qubits on generating the effective photon-photon
interactions has increased, Fig. 3.1(e,f). We see that with increase in fj,,, the valley between
the peaks rises gradually until it supersedes the lowering of transmission. At this moment, the
peaks disappear and we observe maximum photon blockade and reduction of transmission.
At even higher intensity, Fig. 3.1(g,h), the rise of transmission at @, = @, continues and the
transmission profile starts to look a bit like the one for a single resonator. This occurs as the
qubit gets saturated by photons and most incoming photons pass through the resonator and
transmitted with very little influence of the qubit. Thus, there are no longer effective photon-
photon interactions and related photon blockade in transmission at very high intensities.

We show the variation of transmission with intensity in Fig. 3.1(i,j). We see that the QCA
has matched the photon blockade of transmission as predicted by the THLE to some extent,
but the modified QCA results have matched the THLE results perfectly. We must note that

any lowering of transmission in QCA is due to shifting of transmission profile and not due to
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Fig. 3.1 (Caption on next page.)
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Fig. 3.1 Single qubit side-coupled to a single resonator transmission results showing com-

(o] o0 o0

parison between the THLE (g3 ), quasi-classical (J3¢, ) and modified QCA (Fjoca)
analyses. The first four rows show the effect of increasing input intensity ;, (in terms of
0,/vg) as fin = 1.12 x 107%(a,b), I, = 7.1 x 10~*(c,d), I, = 0.034(e.f) and I;;, = 0.68(g,h)
at two different resonator-qubit coupling strengths of g; = 0.02®, and g; = 0.05@, in the
two columns respectively. Change in transmission on increasing I;, is shown in (i) at,
0, = 0.98,(1) and w, = 0.95w,(j). Variation of the entire transmission profile with increas-
ing I;;, is shown in the last three rows for QCA, THLE and modified QCA respectively. The
other parameters are: @, = @y, = @y, ', =T'r =0.020, and U = 1.05@,.

an effective photon-photon interactions. These results shows that the QCA is accurate for
some parameters in the side-coupled system but not for all parameters, in particular when
the transmission is low. On the other hand, for all parameters, the modified QCA has shown
perfect agreement. This is further confirmed by the variation of the transmission profile
with the intensity as shown in the last three rows of Fig. 3.1 for QCA, THLE and modified
QCA respectively. We observe that the QCA transmission profile is shifting towards right
with increasing intensity, Fig. 3.1(k,1) and shows little agreement with the THLE results at
intermediate intensities. The modified QCA, however, has perfectly captured all the features
predicted by the THLE analysis, Fig 3.1(m,n,o,p).

We show the transmission results for a medium of two qubits coupled to a chain of two
resonators at different inter-resonator coupling strengths (J,) and resonator-qubit coupling g ;
in Fig. 3.2. Each column has constant J,, where the first two columns have low J,(=1"7 /2 =
I'z/2) and the last column has high J,(= I’y =T'g). Each column also has a constant g;
with low g;(= 0.02w,) in the first column and high g;(= 0.05@,) in the last two columns.
At low intensity and J,, the transmission profile from the THLE analysis shows perfect
resonant photon transport with two peaks separated by a valley with no photon transport at
W, = @, Fig. 3.2(a,b). Increasing g; causes the resonance peaks to move away from each
other, Fig. 3.2(a,b). The individual peak splits as we increase J; which results into four peaks
in the transmission profile with no transmission at @, = @,, Fig. 3.2(c).

The input intensity (/j,) is increased as we go down the column in the first four rows. In
all cases, from the THLE analysis we observe disruption of photon transport with increase in
I, due to effective photon-photon interaction along with gradual increase in transmission at
®, = ,. At low J, the photon-photon interaction causes lowering of transmission peaks,
similar to the single resonator qubit pair case in Fig. 3.1, where the transmission keeps
decreasing till intermediate intensities, Fig. 3.2(d,e,g,h). At even higher intensity, the qubits
starts to get saturated by photons and a large photon transport is restored in the absence of
inelastic scattering of the photons, Fig. 3.2(j,k). At higher J;, we observe from the THLE



38 Side-Coupled Array of Qubits

— THue — " Taca —— Tiiqea
1 O‘Jz =0.01w,, g=0.02w,| |J; =0.01w,, §=0.05w,| J, =0.02w,, g=0.05w,
' (a) (b) (c)

Eos

092 1.00 1.08 0.92 1.00 1.08 0.92 1.00 1.08
Wy /Wa Wp/We Wp/We

0.0+

0.92 1.00 1.08 0.92 1.00 1.08 0.92 1.00 1.08
wp/wa Wp/wa Wp/wa

Fig. 3.2 (Caption on next page.)



3.3 Results 39

Fig. 3.2 Two side-coupled qubits transmission results showing the effects of inter-resonator

(o] (o]

coupling (Jx) as well as a comparison between the THLE (73 ), quasi-classical (J3¢4)
and modified QCA (Jjoca) analyses. The three columns have (Jx/@q,8;/®a) =
(0.01,0.02),(0.01,0.05) and (0.02,0.05) respectively. The first four rows show the ef-
fect of increasing input intensity [, (in terms of w, /vg) as I, = 1.12 x 10~%(a,b,c),
Ly =7.1x10"*d,e,0), L, = 0.034(g,h,1) and [;;, = 0.68(j,k,1). Transmission with increasing
I, is shown in (m,n,0) at @, = 0.98w,(m), ®, = 0.95w,(n) and w, = 0.965w,(0). Variation
of the entire transmission profile with increasing /;, is shown in the last three rows each for
QCA, THLE and modified QCA respectively. The other parameters are: @,; = @;; = @,
I =Tr=0.02w, and U = 1.05w,.

analysis that out of four peaks the ones near @, = @, lose transmission first as we increase [;
as shown in Fig. 3.2(f). With further increase in I;,, the effective photon-photon interactions
and related photon blockade increase, and their effect is seen in the entire transmission profile,
Fig. 3.2(1).

The overall effect of I;, on transmission is shown in Fig. 3.2(m,n,0), which shows
reduction of transmission peak due to effective photon-photon interactions for the three
analyses at various parameters. At low Jy, Fig. 3.2(m,n), reduction of transmission predicted
by THLE is captured fairly accurately by the modified QCA. The QCA does not capture the
reduction of transmission accurately in Fig. 3.2(m) but shows agreement at some intermediate
intensities with the THLE analysis in Fig. 3.2(n). We must note that reduction of transmission
in QCA is due to shifting of transmission profile and not because of photon blockade. At
higher J,, Fig. 3.2(0), modified QCA shows less accuracy in matching the lowering of
transmission predicted by THLE analysis while simple QCA has even larger disagreement
with THLE. We show the entire transmission profile with varying /j, in the last three rows of
Fig. 3.2 for the QCA, THLE and modified QCA respectively. We can observe that for both
values of J, the QCA fails to match the features of THLE analysis results for a large range of
parameters. The modified QCA, however, is able to capture most of the transmission features
as predicted by THLE analysis. The agreement between these two analysis is good at low Jy,
however, we also observe that the modified QCA becomes less accurate as J; is increased.

We show the effects of increasing system size in the side-coupled qubits medium in
Fig 3.3 where the left and right columns are for three and four qubits respectively. The first
four rows correspond to increasing /j, in every column. The THLE truncation is increased
for two system sizes in each column with m = 4 and m = 2 respectively and large U ensures
the stability of transmission results. At low intensity, the side-coupled qubits medium shows
perfect resonant photon transport with two major transmission peaks each having three

smaller peaks for N = 3 near maximum transmission, Fig. 3.3(a). Larger system sizes have
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Fig. 3.3 Longer side-coupled system steady-state transmission for the THLE (.75 ), quasi-
classical (Jyc,) and modified QCA (Fgoca) analyses. The two columns show results
for system sizes (N) of 3 and 4 qubits respectively. The first four rows show transmission
profiles with input intensity J;;, (in terms of @,/v,) increasing on going down the columns
as Iy = 1.12 x 107%(a,b), L, = 7.1 x 1074(c,d), I, = 0.034(e.f) and I, = 0.135(g,h). The
last row shows transmission with increasing intensity for the corresponding system sizes at
@, = 0.9872a,(1) and @, = 0.9896@,(j). The remaining parameters are, Or; = 0g; = W,
I'N=T(=0.020,, J, =0.0lay,, g; = 0.020,, U = 1.050,.
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more peaks, however, in Fig. 3.3(b) for a medium of four side-coupled qubits the middle
two peaks are merged and we can only observe three peaks distinctly in each major peak.
Increasing resonant peaks with system size can be observed distinctly at higher J,. When
we increase [j, for each system size as we go down the column, the THLE analysis shows a
reduction in photon transport as well as total transmission due to the effective photon-photon
interactions resulting into photon blockade at intermediate /;,. The peaks closer to the center
show the reduction of transmission first. At even higher intensity, Fig. 3.3(g,h), the qubits
start to get saturated by photons, which results in a revival of photon transport in the medium,
and the transmission profile is primarily controlled by the features of the resonator chain.
We show the transmission from the three analyses with increasing /;, at one of the
intermediate peaks (@, = 0.95@,) in the last row of Fig. 3.3. We observe interesting
non-monotonic behavior similar to Fig. 3.2(m,0) showing a decrease in transmission due
to effective photon-photon interaction and then a revival of photon transport through the
resonator chain due to saturation of qubits by photons. The QCA fails to predict the reduction
of transmission over a wide range of intensity, while the modified QCA has shown good

agreement with THLE analysis in predicting this reduction.

3.3.1 Inhomogeneous side-coupled systems

Finally, in Fig. 3.4, we consider photon transport through an inhomogeneous medium of
side-coupled qubits, where we introduce inhomogeneity in qubit frequencies (6®,,) and the
qubit-resonator couplings (g;) [Underwood et al., 2012; See et al., 2019; Orell et al., 2019].
For an inhomogeneous or disordered system, the coherent quantum behavior itself has the
possibility of showing reduced transmission due to Anderson localization at low intensity
as seen in Fig. 3.4(a,b). As I;, is increased there is an initial loss of transmission due to
effective photon-photon interactions even for the inhomogeneous system, 3.4(c,d). However,
at high [;,, photon transport re-emerges as qubits get saturated by photons and qubits have
less effect on photons transiting through the resonators, Fig. 3.4(e,f). We observe that the
transmission profile for both homogeneous and inhomogeneous qubits is very similar at high
I, as the resonators in the medium are all identical. The small difference at high I;;, is due to
non-identical qubits being at different saturation levels. The non-monotonic reduction and
rise of transmission is observed in case of both homogeneous and inhomogeneous qubits
as shown in Fig. 3.4(g,h). A very interesting effect is seen for the inhomogeneous system,
namely, the effective photon-photon interactions end up resulting in a higher transmission

than its photon transport at low intensity, which is lowered due to Anderson localization.
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Fig. 3.4 Inhomogeneous side-coupled systems THLE transmission profile for system sizes
N = 3,4 in the left and right columns respectively. The first three rows show transmission
profiles with input intensity f, (in terms of @,/v,) increasing on going down the columns as
In = 1.12x 107%a,b), I, = 9.4 x 1073(c), Iy = 0.047(d) and Iy, = 0.68(e,f). The last row
shows transmission with [, for homogeneous and inhomogeneous qubits respectively, at
o, =0.988w, and 0.992w, for N = 3(g), and at @, = 1.01@, for N = 4(h). For the homoge-
neous medium, both system sizes have g; = 0.020, and ®,; = ®,. For the inhomogeneous
system N = 3 has g;/ @, = (0.04,0.01,0.04), @, /@, = (0.95,1.0,1.06) while N = 4 has,
gj/ 0. = (0.05,0.007,0.02,0.04), a;;/ @0, = (0.92,1.0,1.06,1.08). The remaining parame-
ters are, @y; = O, I'N=1T%,=0.02w,,J, =0.01w, and U = 1.05w,.
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3.3.2 Inelastic scattering of the photons

To investigate the elastic and inelastic components of photon transmission, we first calculate
the transmission amplitude (#y(®,)) for each of the mediums of size N which is given by

—2i7l'gR

(@) = = (1), (327)
p

where, yn is by for the direct-coupled qubits medium and fy for the side-coupled qubits
medium.

Interestingly, the mod-squared transmission amplitude |ty (@)) |? does not give us the total
transmission probability (Zryrg). It only captures what is called coherent component of
transmission [Hoi et al., 2011] as opposed to an incoherent component that displays inelastic
scattering of the photons at higher intensity. To investigate the coherent and incoherent
contribution in the transmission probability, we compare the mod-squared transmission
amplitudes (|ty(®),)|?) with the transmission probability (Z55y g), at m = 6, for the two
mediums of size N = 2 in Fig. 3.5. At low light intensities, we find that |t2(®,)|? is equal
to Iy g in Fig. 3.5(a,b), which indicates that there is very little incoherent contribution to
the transmission due to the nonlinearities at such intensities. As we increase the intensity,
we find that the difference between ;7 ¢ and |f2(®,)|? increases, and the coherent part
|t2(®))|? is less than the total transmission in Fig. 3.5 (c,d). The difference between I35y g
and |t2(w,)|?* provides an estimate of incoherently transmitted photons in our mediums.

As only lossless systems have been considered here, the presence of inelastic components
can be confirmed by evaluating the power spectrum of the transmitted photons. In the
direct-coupled qubits, it can be obtained by [Roy, 2017]:

<drt

Po(®) = Re /0 Lo af, (Nary1+7). (3.28)

Under the initial condition as mentioned earlier, the above expression reduces down to

Po() = %Re /0 " AT (b ()b (1 4 7). (3.29)
8

The procedure to calculate the two-time correlation of qubit operators <bj\,(t)bN(t + 1)) for
a single qubit is mentioned in [Roy, 2017]. The procedure can be extended to multiple
direct-coupled qubits to evaluate the transmission power spectrum having coherent and
incoherent components, i.e, P,(®) = P (@) + P"(w). For a single qubit, the coherent
component is P (@) = (2Tg /v,)|-01 (t — ) |>8 (@ — ) while the incoherent component
is P"¢(@) = (Tr/7)Re(I3) where I3 is given as
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Fig. 3.5 Transmission profiles comparing the mod-square of transmission ampli-
tude (|t2(a)p)|2) with transmission probabilities (. ) for two (N = 2) direct-coupled
qubits (a,c) and two side-coupled qubits (b,d). The incident photon intensity I, (in terms of
0,/vg) increases on going down the column as fj;, = 1.0 x 107%(a,b) and I, = 0.011(c,d).
Parameters are: 0y = O = Wg, Jx = I' =Tk =0.020,, U = 1.050,, g; = 0.040,.
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I, =0.412
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Fig. 3.6 The incoherent component of power spectrum showing inelastic scattering of
photons (the two side peaks at higher intensity) for two direct-coupled qubits at resonant

input frequency. Intensity (/i) is in terms of @, /v,. Parameters are: 0y, = 1.0w,,J, =1 =
I'r =0.02w,, U =1.05w,.



46 Side-Coupled Array of Qubits

_ [Foi ()P = F1i(e)
M1
n Qf (F10(%))* = Q7 (|01 (%) [* = 11 (%)) o/ i1 = 2iQ1 1o 10 (20) 11 ()
2p1o i3+ QF (U1 + )

, (3.30)

where uy = —(I'L +TR) +i(0 —ay,), o = - +Tg)+i(0+ @y —2wp) and u3 =
— (L +Tr)+i(w— w,). The above expressions are also valid for larger system sizes and
their power spectrum can be obtained by replacing the operators with the ones for the last
qubit.

The incoherent part of the transmission power spectrum for two direct-coupled qubits
is shown in Fig. 3.6. At low incident intensity, we observe a single peak around the qubits’
frequency. However, as the incident intensity is increased, we observe three peaks. The
three peaks at high input light intensity are known as the Mollow triplets. These triplets are
characteristic of the inelastically scattered photons [Astafiev et al., 2010].

Further, to demonstrate that the mediums considered here are lossless, we numerically
verify that the sum of steady-state reflection and transmission probabilities is unity in Fig. 3.7.
This is true even at higher intensities, Fig. 3.7 (c,d), where the effects of interactions are
active.

3.3.3 Single-photon transport in a side-coupled medium

To understand the single-photon transport dynamics in a single resonator-qubit pair, we first
write the side-coupled qubits system’s Hamiltonian given in Section 3.1 in real-space in
which the momentum space operators are replaced by their Fourier transform. The real-space

Hamiltonian is thus given as

H, Hside

: P
h R /dx aan aLx+aRxa aRx) +(\/2veLLf{ aro+\/2veTr f{ aro +H.c.)

(3.31)

As before we assume a photon is incoming from the left of the medium. For the side-coupled
medium of a single qubit-resonator pair in the ground state, the wave function of an incoming

single photon is given by

1 .
Vin = / dxe®™a} |6)©10), ® |0),. (3.32)
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Fig. 3.7 The transmission and reflection probabilities along with their sum with increasing @),
for a system of two direct-coupled qubits (a,c) and two side-coupled qubits (b,d). Photon
intensity f, (in terms of @, /v,) increases on going down the column as [, = 1.0 X 107%(a,b)
and i, = 0.011(c,d). Parameters are: Wy, = @; = g, Jy =T =T =0.020,, U = 1.050,,
gj = 0.04a,.
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where k is the wave vector of the incoming photon and |¢) denotes the vacuum of the light
field. |0), and |0), indicate the ground state of the resonator and qubit, respectively. An
incoming single photon can excite the resonator and qubit to their excited state |1), and |1),,.
Therefore, the wave function of the system after the photon interacts with the medium (|y)y)

is given by

W= = [ a(BC0leflo) @ 1), [0)g +€{16) 10}, 0 1)

+ [ (x)a) + PR (x)ag,]|0) @10), @[04}, (3.33)

where eZ and e; are the amplitudes of the excited resonator and qubit, respectively. Here,
L (x) and PR (x) are the amplitudes of the scattered photons in the left and right sides of the
side-coupled medium.

These amplitudes can be found by the time-independent Schrodinger equation H,|y)s =
ha,|y)s, which gives two coupled linear equations for the amplitudes of the resonator and
the qubit, and two more inhomogeneous differential equations for the amplitudes of photons.

The two differential equations are

d

— ivgacbi(x) +/2v T 1ep 8 (x) = 0,5 (x), (3.34)
d

— ivgad)f(x) +/2v,Tref 8 (x) = w, PR (x). (3.35)

By following [Manasi and Roy, 2018], the Eqgs. 3.34 and 3.35 are regularized (at x = 0) and

we assume photon coming from the left of the medium which gives

/T
DLO0)=1—i\ [ —Lef, (3.36)
2vg
I'z
P (0) = —iy | e} 3.37
k(0) ! 2Vgek (3.37)

The initial states eq. 3.36 and 3.37 are then substituted in the solutions of the medium
elements. Therefore, we are left with the equations of resonator and qubit amplitudes which

are written as

(0, —wp —i(T+TRr))e; +g16] = —/2veL L, (3.38)
(g, — @p)el +g1e;, = 0. (3.39)



3.4 Conclusion 49

The transmission amplitude for this medium is given by

[ar
1 (w,) = —i V—Re;. (3.40)
8

By using the solutions of Eq. 3.38 and 3.39, we obtain the transmission amplitude for a

single-site side-coupled qubit medium #{(w)) as

20/ FLFR(qu — (1)1,)

(@, — 0y —i(TL+TR)) (0 — @)p) —g%'

ti(wp) = (3.41)

The numerator of Eq. 3.41 explains the complete reduction of transmission at resonance with
the qubit. The mod-squared transmission amplitude for the qubit-resonator pair |£{(®,)|?

shows two peaks at the photon frequencies

0) o, W, — Wy \ 2
w,, = (%) + V(%) +g (3.42)

3.4 Conclusion

In this chapter, we have continued the approach of the previous chapter to explore the
transmission properties of photons through a lattice of side-coupled qubits, where the qubits
have on-site interaction. With the increase in intensity of incoming photons in a coherent state,
this lattice also develops effective photon-photon interactions and related photon blockade
mediated by the on-site interaction at the qubits. The side-coupled qubits, at low intensity,
also show resonance peaks with maximum transmission and a transmission minima at the
qubit frequency. With an increase in intensity, the resonance peaks lowers due to photon
blockade along with rise in transmission at the qubit frequency. At a very high intensity
the qubits get saturated and their effects start to disappear resulting in a revival of photon
transport for the side-coupled case. A non-monotonic behavior of transmission with increase
in [, is observed for both homogeneous and inhomogeneous side-coupled qubits.

We performed a quasi-classical analysis (QCA) for the side-coupled lattices also, which
again completely fails to show any transmission reduction due to photon blockade. For
this lattice also, the QCA shows agreement with truncated Heisenberg-Langevin equation
(THLE) at single particle limit but fails at higher intensities and shows a shift in the QCA
transmission profile. We were again able to modify the QCA equations by introducing a
complex on-site interaction by matching the THLE and QCA transmissions for the single

site case.
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The modified QCA, again, shows perfect agreement with THLE results for all input
intensity values fairly accurately at low coupling between the resonators (J;) which is not
surprising as the correction was derived from the THLE for single resonator qubit pair with
enough truncation to capture the photon blockade and saturation phenomena. Unlike the
direct coupled case, for this lattice, at very high intensities we essentially observe transmission
through a harmonic chain of resonators with little effects from the qubits. In this limit, the
qubits can be thought of as additional baths, and the photon transport is mainly by the
resonator chain. However, with increase in J,, the effectiveness of modified QCA reduces.
We hope that further studies will provide more insight into improving this approach to work

for an even wider set of parameters.



