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Loss-induced transparency (LIT), featuring the revival of optical intensity by adding loss, has been demon-
strated in classical optics. However, a fundamental question has remained unexplored, i.e., during the process of
LIT, whether quantum correlations of the photons can also be revived or even tuned by increasing the loss. Here
we find that, accompanying classical LIT in a nonlinear optical-molecule system, a purely quantum effect as
photon blockade (PB) indeed can be revived with the help of loss. In particular, a quantum critical point emerges
in the system: below the point, adding loss leads to the suppression of optical intensity and its correlations; in
contrast, by surpassing the point, PB is revived and enhanced with more losses. Also, a quantum switch between
single-PB and two-PB can be realized by simply tuning the loss. Our work provides a counterintuitive strategy
to engineer quantum devices in a practical lossy environment.
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I. INTRODUCTION

Loss is ubiquitous in nature, which is usually regarded
as harmful and undesirable in making and operating quan-
tum devices. Very recently, loss has been found to play an
unconventional role in non-Hermitian physics [1-3], such
as loss-induced transparency (LIT) [4,5], loss-induced las-
ing revival [6], and loss-induced nonreciprocity [7,8]. These
pioneering works, however, mainly focused on the classical
regime, i.e., studying loss-tuned optical intensity, instead of
the quantum correlation of light. As a further step, under-
standing the role of loss in engineering purely quantum effects
not only facilitates the development of open quantum theories,
but also provides a practical way to fabricate loss-controlled
quantum devices inaccessible by conventional ways and al-
lows exploring their applications in quantum technology.

In this work, we show how to engineer a purely quan-
tum effect, i.e., photon blockade (PB), with the help of
loss. PB has been demonstrated in diverse systems rang-
ing from cavity QED [9-12] to superconducting circuits
[13—15] and cavity-free devices [16]. PB provides a unique
way not only to make important quantum devices [17-30],
such as single-photon turnstiles [31], quantum routers [32],
and quantum circulators [33], but also to explore the fun-
damental issues of quantum many-body physics [34-41]. To
date, the main approaches for realizing PB are nonlinearity-
induced anharmonic eigenenergy [9-11,14-16,42—44], and
destructive interference between different modes [12,13,45—
50]. Generically, the loss should be smaller than the strength
of nonlinearity or the coupling of different modes since it is
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regarded as limiting the efficiency or functionalities of PB
devices.

Here we show that PB or the nonclassical correlations of
photons can be suppressed and revived by adding loss in an
optical compound system, accompanying the classical LIT.
In the pioneering experiments on LIT [4,6], the revival of
classical optical transmission is attributed to an exceptional
point (EP), featuring the coalescence of both the complex
eigenvalues and their corresponding eigenstates [51]. How-
ever, we find that, for the quantum revival of PB, not only does
the EP-induced mode coalescence, but also the breakdown of
the two-photon resonance is required. More interestingly, dif-
ferent types of quantum correlations can emerge in the revived
light by merely increasing the loss (via placing an external
nanotip near the optical resonator), resulting in a loss-tuned
quantum switch between single-PB and two-PB. Our work
drives the field of loss-induced effects into the purely quantum
regime, where it becomes promising to study various quantum
effects with lossy synthetic materials [8,52] or topological
structures [53,54], as well as to build loss-tuned single-photon
devices for quantum engineering [55-61].

II. MODEL AND METHOD

We consider an optical Kerr resonator («R1) directly cou-
pled to a linear resonator (tR2) with the coupling strength J
[Fig. 1(a)], which can be described by (/i = 1):

’ /
n A V1At V2 ata
H=H —i—aa —i=aa,,
bl 22
B =" wdla;+ Hn, )
j=12
A = xdlalaa) + J(@lay + alay),

where @;_; » are the optical modes with resonance frequency
we, and x = 3hw§ x® / (4808%Veff) is the Kerr parameter with
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FIG. 1. The suppression and revival of quantum correlations in loss-induced transparency. (a) A whispering-gallery-mode resonator ©R1
with Kerr-type nonlinearity x® coupled to a linear optical cavity 4R2 with additional loss y, induced by a Cr-coated nanotip, where J is the
coupling strength between R1 and R2. (b) The Liouvillian exceptional points (LEPs, black dashed line) are shown in the eigenspectra AT
of the system’s Liouvillian. The red solid curves indicate the case of J/y, = 2. (¢) The suppression and revival in quantum correlation g(lz)(O)
(classical photon number N,) are revealed by increasing loss before and beyond the quantum (classical) critical point CP, (CP,), respectively.
(d) The real parts of Ali versus ygp for J/y| = 2. (e) The photon number N, and (f) quantum correlation g(lz)(O) VErsus Yip, Where markers
(squares, circles) and black lines are analytical and numerical solutions, respectively. The parameters are given in the main text.

vacuum (relative) permittivity &g (&,), nonlinear susceptibility
x®, and mode volume V.. In addition to nonlinear materials
[62—66], Kerr-type nonlinearity can also be achieved in cavity
or circuit QED systems [9,67,68], cavity-free systems [69], as
well as optomechanical [18,70,71] or magnon devices [72,73].

The intrinsic losses of the two resonators are y;—; . The
total loss of wR1 is given by y{ = y1 + Vex, Where yey is the
loss induced by the coupling between ©R1 and the fiber taper.
An additional loss yyp is introduced on uR2 by a chromium
(Cr) coated silica-nanofiber tip, featuring strong absorption in
the 1550-nm band [6]. The strength of 4, can be increased by
enlarging the volume of the nanotip within the cavity mode
field, leading to a linewidth broadening without observable
change in resonance frequency [6]. The total loss of uR2 is
given by y; = y2 + Vip-

Our system is identified as a passive parity-time symmetric
system [3,74], where EPs exist in our system [Figs. 1(b) to
1(d)]; leading to the LIT effects [4—6]. As shown in Figs. 1(c)
and 1(e), with an EP, increasing loss leads to classical sup-
pression and revival of the mean-photon number Ny = (&'{&1),
where the critical point with the minimum of N, is referred to
as classical critical point (CP.) between these two processes.

The quantum features of the light can be characterized by
the second-order correlation function g(lz) (0):

1)
=G 2)

with

>1 super-Poissonian (bunching),
g§2><0>{

<1 sub-Poissonian (antibunching),

and g(lz)(O) — 0 indicates a full single-PB. The quantum re-
vival of single-PB can be considered as the transition of the
quantum correlation from super-Poissonian (bunching) to sub-
Poissonian (antibunching) [Figs. 1(c) and 1(f)]. Thus, we refer
to the point with g(lz)(O) = 1 as the quantum critical point
(CPy).

We study the eigenenergy spectrum of this system by con-
sidering the effects of loss. The eigenstates of one or two
excitations, i.e., |1//li) or |1//2i’0), are the superposition states
of the Fock state |m, n) with m photons in ©R1 and n photons
in wR2 (see details in Appendix A).

The complex eigenvalues of the one excitation are found as

AT = —il + o, £J2 - B2, 3)
whose real and imaginary parts indicate the eigenfrequen-
cies a)f and the linewidths /cli, respectively. Here, I' = (y] +
v3)/4 and B = (y; — y/)/4 quantify the total loss and the
loss contrast of the system, respectively. The Hamiltonian
EPs (HEPs) are defined as the spectral degeneracies of the
non-Hermitian Hamiltonian [51], which emerge for )»T =A]
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FIG. 2. (a) The eigenfrequencies a)li as functions of yp. (b) The real parts of the eigenvalues Ali versus yp. The inset shows the evolution
of the linewidths Kzi’o as a function of yyp. (c) The evolution of the excitation spectrum S;(A) and eigenvalues versus y;,. The S;(A) shows
the spectrum splitting and spectrum coalescence. The parameters are the same as those in Fig. 1

[Figs. 2(a) and 2(c)], i.e.,

Y =4J +y . 4)
+.0

For the two-excitations case, the frequencies w, and
linewidths /<2Jr 0 are defined by the real and imaginary parts
of the eigenvalues )L;“O, respectively, i.e.,

+.0
ke

w3* =Re[35"], =Im[2]"7]. 5)
By increasing y;p, the linewidths K2i coalesce before
EP and split in the vicinity of EP [the inset of
Fig. 2(b)].

Hamiltonian EPs do not take into account the quantum
noise associated with quantum jumps. For a fully quantum
picture, we consider the system’s Liouvillian superopera-
tor £, which includes the effect of quantum jumps [75].
This can be done using the Lindblad master-equation ap-
proach, and the Liouvillian superoperator L 1is given

by [75]

Lp = —ilH; pl+ Y D(p.A)),
j=12

(6)

where D(p, A;) = A;pAl — ATA;p/2 — pATA;/2 are the dis-
sipators associated with jump operators A = yjf& ;. Liou-
villian EPs (LEPs) are found through the eigenspectra of £
[Fig. 2(b)]. By solving the equation [75] Lp; = A;p;, where
A; and p; are the eigenvalues and the corresponding eigen-
states of L. In the one-excitation subspace, LEPs are emerge
for AT = A7, where Af are the eigenvalues of £. We find
that LEP and HEP occur at the same positions, i.e., yip/y| =
8.9, as shown in Figs. 2(a) and 2(b) [75,76].

In addition, we note that, under the semiclassical limit,
the eigenvalues of Liouvillian (A;) and the effective non-
Hermitian Hamiltonian (A;) fulfill —i(A; — A})pi = Aip;.
Thus, the solutions of the Liouvillian and Hamiltonian are
different outside of the EPs [Figs. 2(a) and 2(b)].

III. ANALYTICAL AND NUMERICAL RESULTS

In the frame rotating with the driving frequency w;, the
system’s Hamiltonian becomes
Hy = ) Adja; + Hu + Q@7 + &), ™)
j=12

where A = w. — w;, and Q2 = [ye,(Pm/(ha)l)]l/2 is the driving
amplitude with power P, on wR1. Optical losses can be in-
cluded in the effective non-Hermitian Hamiltonian [77]

Hao =H, =i}, | (vj/2)aa;. (8)
Under the weak-driving condition (2 < y/), the Hilbert space
can be restricted to a subspace with few photons. In the sub-
space with N = m + n = 3 excitations, the general state of the
system can be expressed as

3 N
V@) =YY Cun-mlm, N —m),

N=0m=0

€))

with probability amplitudes C,, y_,,, Which can be obtained
by solving the Schrédinger equation

il (t)) = Hege| Y (1)).

When a weak-driving field is applied to the cavity, it may
excite a few photons in the cavity. Thus, we can approximate
the probability amplitudes of the excitations as Gy, n—m ~
(Q/y])V. By using a perturbation method and discarding
higher-order terms in each equation for lower-order variables,
we obtain the following equations of motion for the probabil-
ity amplitudes:

(10)

iCoo(t) =0, iCoi(t) = AxCoi(t) +JCio(t),
iCio(t) = A1Cio(t) + JCo1(t) + QCoo (1),
iCoa (1) = 2A:Cin(t) + ~V2JCyy (1),
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iC11(t) = (A + A2)C11 (1) + v/2JCy (1)
+ V2JCo (1) + QCoi (1),
iCao(t) = 285Ca0(1) + V/2JC11 (1) + v/29C;0 (1),
iCo3 (1) = 3M2Co3(t) + v/3IC1a (1),
iC1a(t) = AeCra(t) + 2JCo (1) + V3T Co3 (1) + QLo (1),
iCo1 (1) = AsCay(t) 4 2JCpa(t) + v/3JCo (1)
+ V290, (1),
iC30(t) = 3A4C30(t) + V/3JCo1 (1) + V3Q2Cx (1), (11)

where

Ar=A—iyl)2, DAy=A—iy))2,
A=A+ x, Ay=A+2y,
As=2As+ Ay, Ag=Ap+2A,. (12)

For the initially empty resonators, i.e., the initial state of the
system is the vacuum state |00), the initial condition reads as
Coo(0) = 1. By setting Cm,l(t) = 0, we obtain the following
solutions:

JQ QA V2922
Co="—, Co=——2, Cp=—r"""22
m m nn2
—2Q%A2J G V292 Alg
Ch=——, o = —————,
nin2 nin2
C,p = YOI 22850 — ]
’ 3nimu 7
Co = V2R3 Mo [6:0 — 2434
12 — £
mmnmu
(13)
Coi — V2IQBA[2840680 — 1381]
21 — E)
mn2u
VO AJ[(4T2 A + Asnz)y — 277 Astal
30 =
3mmu
where
O=A14+20y =AM+ Az,
mo=A1Ay—J%  ny =280, —2J7A;,
m3 =07 — Mg, E1=AAs+ DA — 7,
£y =J% —4AA4 — AyAs,
=0 —J* Ay Ag + A AsAsAg. (14)

The probabilities of finding m photons in wR1 and n pho-
tons in wR2 are given by P, = |C,,|>. The mean-photon
numbers in uR1 and wR2 are denoted by N; and N,, re-
spectively, and can be obtained from the above probability

distribution as

S L)

N=0m=0

= (A,Q)) E E an,,_
N=0

n=0

5)

The effect of increasing ¥, on N; and N, is depicted in

Fig. 4(a). The equal-time (namely, zero-time-delay) second-

order correlation function of wR1 is written as

4771(A1 + A2)2
(CAII ) 772

(16)

The approximate equal-time third-order correlation function
is written as

AT3 A
_ )
(@ja)?
4771[(4J2A2 + Asn3)t — 20 A6l )
n3u2A3

a7

To confirm our analytical results, we numerically study the
full quantum dynamics of the system by solving the master
equation [78,79]

p=—ilH. p1+ ) ’<2a pa
j=12

—ala;p — pala;). (18)

Then, P, = (m, n|pss|m, n) can be obtained from the steady-
state solutions .

In our work, the experimentally accessible parameters
are given by [62-66,80-84]: V. = 100 um?, Q=2 x
10°, x®/e2 =2 x 10717 m?/V? (e, x/y] =2.2), Pn=
4 fW, » = 1550 nm, and y,/y; = 0.1. For the microring
resonators, Vg is typically 102-10* Mm3 [80,81] and Q was
increased up to 10°-10'2 [82,83]. The Kerr coefficient can be
x®/e2 =2 x 107" m?/V? for the semiconductor materials
with GaAs [62,63], and reach x®) /&2 = 2.12 x 107" m?/V?
for the materials with indium tin oxide [64]. Also, x® can
be further enhanced to 2 x 10~!'! m/V? by introducing other
materials [65,60].

An excellent agreement between the analytical and numer-
ical results is seen in Figs. 1(e) and 1(f). Figure 1(e) shows the
classical suppression and revival of N;. Adding loss below the
CP. (Vip/vi = 5.3), N1 is decreased to 0.003. When the loss
exceeds the CP., N; is revived due to the EP-induced mode
coalescence. This loss-induced revival of optical intensity was
also experimentally demonstrated in a non-Hermitian double-
well device consisting of two coupled waveguides [4].

More importantly, we find the loss-induced suppression
and revival of quantum correlation in Fig. 1(f). For y, =
0, single-PB emerges with g(lz)(O) ~ 0.23. Adding loss an-
nihilates it, where the antibunched single-photon stream is
converted into bunched photons. Surprisingly, the antibunched
stream recovers by further increasing loss beyond the CP,
(vip/y; = 6.5), and single-PB is fully revived at the EP
(Vip/ v, = 8.9). We also find that the CP, gradually moves
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FIG. 3. The origin of loss-induced quantum suppression and revival. (a) The cavity excitation spectra S; (A ) and the eigenfrequency spectra
w > with linewidths « , for different critical points. (b) By increasing loss beyond the CP, the system enters the weak coupling regime featuring
unresolved spectra of the two modes. (c) The photon excitation pathway beyond the EP shows the breakdown of two-photon resonance, leading
to the full revival of single-PB. The dashed arrows are the forbidden excitations.

away from EP as the system moves closer to the thermody-
namic limit [85] (see details in Appendix C).

This loss-induced revival of single-PB requires the in-
terplay of both EP-induced mode coalescence and the
breakdown of two-photon resonance. We study the mode split-
ting and coalescence in the cavity excitation spectrum of uR1:

/ /N2 A2
SI(A):]E:M7 (19)

no m
where ng = Q?/(y{ + y;)* is the normalization factor. We
find that the cavity excitation spectrum becomes coalescent at
the quantum critical point CP [Figs. 2(c) and 3(a) and 3(b)].
In the mode-splitting region, the light with frequency w
is resonantly coupled to the transition [yg) — Wl* ), while
|1p1+ )y — |1//2+ ) is detuned, resulting in single-PB at y;, =0
[Fig. 3(a-1)]. By further adding yp, the light coincides
with the two-photon resonance, leading to a suppression of
single-PB. The CP, is in the quantum suppression process
with two separated modes, and fulfills the condition of
two-photon resonance [Fig. 3(a-ii)].

Increasing yyp to CPy leads to an overlap of the two
modes [Fig. 3(a-iii)], indicating the two cavities enter the
effective weak-coupling regime (J < yp) [Fig. 3(b)]. This
process breaks two-photon resonance resulting in the revival
of single-photon resonance. Eventually, two modes coalesce
at EP, and the single-photon resonance fully recovers leading
to single-PB [Fig. 3(a-iv)]. We note that the CP, features the
transition from two separated modes to an overlap of the two
modes, as well as the transition from two-photon resonance to
single-photon resonance.

Specifically, by increasing loss beyond the EP, [y5")
and [y, ) are localized on |0,2) and |1, 1), respectively
[Fig. 4(c)]. Although |0,2) or |1, 1) coincides with the two-
photon resonance energy 2w, the transitions from |0, 0)
to 10,2) and |1, 1), ie. [Wo) — [¥5), are forbidden due
to the effective weak coupling between the two cavities
[Fig. 3(c)]. Here, |1ﬁg) and |1//IJr ) are governed by the states
|2,0) and |1, 0), respectively [Figs. 4(b) and 4(c)]. When
the light resonantly coupled to |0,0) — |1, 0), the transi-
tion |1,0) — |2,0) is detuned by 2y, i.e., single-PB is
revived.
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FIG. 4. (a) Intracavity photon numbers N, (blue) and N, (green) versus y;,. Below CP., N, and N, decrease by increasing yi,. When
Vip exceeds CP,, N is revived, while N, keep decreasing, resulting in a predominant mode localized in (R1. The analytical results (colored
squares) agree well with the numerical results (black solid curves). After the EP, (b) the single-photon eigenstates Wli) are intensively localized
on |1, 0) and |0, 1), respectively. (c) The ng'i) are, respectively, governed by the states |2, 0), |0, 2), and |1, 1).

We conclude that the interplay of EP-induced mode coa-
lescence and the breakdown of two-photon resonance leads
to this loss-induced quantum revival of single PB. This
underlying principle is different from that of loss-induced en-
tanglement [86] in which a quantum effect is realized through
conditional dynamics.

Figure 5 shows different quantum correlations can be
tuned by adding loss for the revived light after CP,. Single-
PB features two-photon antibunching, while two-PB features
three-photon antibunching, but with two-photon bunching,
i.e., the absorption of two photons can suppress the ab-
sorption of additional photons [26]. Two-PB fulfills the
conditions [11]: g¥(0) < 1 and g”(0) > 1, with ¢(0) =
@y’al)/@ja)’.

We find two-PB emerges with g(l3)(0) ~ 0.27 and g(lz)(O) ~
1.12 at yyp/y{ = 6 [Fig. 5(a)]. Adding y;;, beyond CP, leads
to a single-PB occurring at the EP. These results can also be
confirmed by comparing the photon-number distribution P,
with the Poisson distribution P, [Fig. 5(b)]. We find that two-
photon probability P, is enhanced while P,,., are suppressed
at ¥ip/ vy = 6, which is in sharp contrast to the case at the EP.
With such a device, a switch between two-PB and single-PB
can be achieved by tuning loss below or beyond CP,.

IV. MORE COMPARISONS AND DISCUSSIONS

We now present some discussions on the comparison with
single-mode systems. If one only considers a single-mode
system, i.e., by placing a nanotip near a single resonator, it
is impossible to observe the classical HEP or the classical
effect of LIT. Moreover, although single-PB can be realized in

single-mode systems [28,87], the loss-induced revival effects
cannot be revealed in the single-mode systems due to the
absence of the EP, in which both the mean photon number
and quantum correlations are suppressed by increasing loss
[Figs. 6(a) and 6(b)].

LSF 2PB

=> 1PB

,\
Quantum correlations £

(b

~

-0.2

———— -0.01
01 2 3 4 0 1

Photon number m

(Pu-Pu)/ Pu

2 3 4

FIG. 5. Loss-induced quantum switching between two-photon
blockade (2PB) and single-photon blockade (1PB). (a) g(lz)(O) (red
solid curve) and g(]3)(0) (green dashed curve) versus y;p. (b) This
quantum switch can also be recognized from the deviations of the
photon distribution P,, to the standard Poisson distribution P,, with
the same mean photon number m.
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curves) and two-mode (solid curves) cases. (c) N, and (d) g, (0) versus y;, in different methods. The black dashed (color solid) is obtained

for the adiabatic case (non-Hermitian case).

In addition, we give a comparison between the adiabatic
elimination and the EP case. The Heisenberg equations of
motion of this compound system are

/
by = —iAody — %al —2ixalaay — ilay — i,
. V)
i = —iNoar — Ezaz —iJa. (20)

We now suppose that yy, is large and adiabatically elim-
inate mode a,. A widely used prescription for this is to set
a, to zero and solve the resulting equations for a, [88], so
eliminating a, from the remaining equation of Eq. (20). The
result is

/
by = —iNoay — %al —2iyalaa
JZ
- a4 -
iAo+ y3/2"

By comparing the Eqgs. (20) and (21), we see that the
coupling of cavity mode a; to cavity mode a, can essentially
be regarded as adding an additional loss channel for cavity
uR1 for large ;. This is not a large increase in the loss of
mode a;, and of course the increase becomes less and less
with increasing yip.

We find that the adiabatic elimination method can not pro-
vide a good description before EP for neither the mean-photon
number N; nor the quantum correlation function g(lz)(O), as
shown in Figs. 6(c) and 6(d). Specifically, (i) the EP can
lead to classical suppression and revival of Nj, and classical
critical point (CP,), i,e., the minimum of the classical N;.
However, in the adiabatic case, there is no turning point for

iQ. 1)

N; by continuously increasing yyp [Fig. 6(c)]. For quantum
correlations, the adiabatic elimination method fails to reveal
the suppression process by increasing loss [Fig. 6(d)]. (ii) The
adiabatic elimination method also fails to show the revival
process by increasing loss to the vicinity of the quantum

critical point (CP,), where g(lz)(O) > 1 for the adiabatic case

[Fig. 6(d)]. (iii) At the EP, the value of g’ (0) for the adiabatic
case is 27% higher than that for our EP theory.

V. CONCLUSION

In summary, we show how to engineer quantum correla-
tions with the help of loss, which is in contrast to the general
belief that nonclassical correlations are fragile and can be
destroyed by loss. Our findings contain three main features.
First, previous works on LIT [4-6] mainly focused on the
classical regime, i.e., studying the optical intensities instead of
quantum correlations. Our work here fills this gap and reveals
unexpected purely quantum features of the LIT. Furthermore,
in contrast to the classical LIT resulting from EPs, the under-
lying physical mechanism of such a purely quantum revival
effect is not only the EP-induced mode coalescence, but also
the breakdown of two-photon resonance. More interestingly,
different types of quantum correlations are exhibited in the
revived light, which can be well tuned by loss. This ability
provides a counterintuitive possibility for achieving quantum
switches of photons by harnessing the power of loss.

Our work sheds light on reversing the effect of loss in the
fully quantum regime, which not only facilitates the funda-
mental studies of quantum physics with lossy materials or
topological structures [89-93], but also provides possibilities
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to achieve loss-tuned quantum devices for applications in
quantum engineering.
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APPENDIX A: ANALYTICAL SOLUTION FOR
HAMILTONIAN EXCEPTIONAL POINT

The nonlinear eigenenergy spectrum can be obtained
through the following Hamiltonian:
N ata Vs AT

_ _ 2254
=H;, —i—a,a; 12a2a2

> (AD)

Since the commutative relation [&T&l —}—&;&2,1-7] =0, the
total excitation number is conserved, we can obtain the eigen-
system with the Hilbert space spanned by the basis state
|m, n), i.e., the Fock state with m photons in uR1 and n
photons in ©R2.

In the zero-excitation subspace, we have A Yo = Ao, and
the eigenstate is given by vy = |0, 0) with the eigenvalue
Ao = 0. In this subspace with one photon, the Hamiltonian
can be expressed as

. —i4 J
a=[(""" ). (A2)
J we — i%
The complex eigenvalues are
AT = =il + . £/J2 — p2, (A3)

whose real and imaginary parts indicate the eigenfrequen-
cies a)li and the linewidths Kli, respectively. Here, I' = (y +
v,)/4 and B = (y, — y/)/4 quantify the total loss and the
loss contrast of the system, respectively. The Hamiltonian
EPs (HEPs) are defined as the spectral degeneracies of the
non-Hermitian Hamiltonian [51], which emerge for )‘T =17,
ie.,

Yag =4+ ¥ —n (A4)
The corresponding eigenstates are
v =CEI1,0) + G0, 1), (A5)
where
Ciy = JNT,
Coi = —BF V2 — PNT,
NE =P +1iBF VI =172 (A6)

In this subspace with two photons, we express the Hamil-
tonian in the matrix form as

20, + 2% — iy] V2J 0
H = J2J 20, — L 2)
0 V2J 2w, — iy}

(AT)
By solving the characteristic equation, we find the eigenvalues
as

Vo U-iWIE  (+iV3F
2T 3% 253F 6 x 213
1+iv3)E (1 —i3)F
A;:G_( +iV3E  (1-iv3) S
3 x 22/3F 6 x 2173
2183F F
MN=G+"—= — —
2 + 3F 3 x 21/3
where
A =2w.+2x — iy,
Bzzwc—iylzyz, C =20, — iy},

9 / / . / /
D =36/ + 5X(y1 — )+ 18ix (v — y3) — 16)°,

E__12J2 E N2 3i o /_42
= +4(y1 o)+ 3ix (v — o) —4x7,

= [D + V4E3 + D?]'3,

whose real and 1mag1nary parts are the eigenfrequencies
2 9 and the linewidths Ky =0 , respectively. The corresponding
eigenstates are

G= %(A+B+C), (A9)

U3’ =0 12,00 + GO 1) +C°10.2). (A10)
where
CE0 = V2I(C = AEONE,
Clil,o _ —(C _ )in,O)'A _ )in,ow-zi,o,
CEO = V2J1A = W EONEO,
N =22 (1C =23 4 A=)
+ A= 2Fjc = a2 (A1)

APPENDIX B: PASSIVE PARITY-TIME SYMMETRY

In our scheme, we consider two passive coupled res-
onators. This system is identified as passive parity-time (PT)
symmetric systems [3]. The system consisting of two lossy
components is represented by a 2 x 2 matrix [as done in
Eq. (A2)]. The corresponding Schrodinger equation is given
as follows (7 = 1):

d (a p— J 7
i-(f”): @e T 13 <a1> (B1)
dt \a, J W, —l% a

Defining I' = (y{ +y3)/4 and B = (y; — y{)/4, and ap-
plying the gauge transformation
@ @) =@ a), (B2)
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we end up with

_n (“1) (B3)

The off-diagonal elements J in the effective Hamiltonian
A’ are the same as those in the original Hamiltonian H:
however, the imaginary parts of the diagonal elements are
now balanced, which means that the magnitude of the gain
in the one of the diagonal elements is equal to that in the other
diagonal element. This matrix fulfills [H', PT] = 0 and thus
it is PT symmetric.

Thus, the gauge transformation reveals the hidden PT sym-
metry present in the non-Hermitian matrix A by changing the
reference point (see details in Ref. [3]).

APPENDIX C: QUANTUM CRITICAL POINT
IN THE THERMODYNAMIC LIMIT

The thermodynamic limit is obtained by letting the non-
linearity go to 0 and the driving intensity go to 4+o0o while

3.1 1.4

1
)

) It

5
Yio ! N1

10

FIG. 7. The second-order correlation function g(lz)(O) obtained as
function of y;, and 2. The white dashed indicates CP,,.

keeping their product constant [85]. However, in our sys-
tem, the generation of the conventional photon blockade
requires large nonlinearity and weak drive strength. Thus, in
the thermodynamic limit, it is almost impossible to generate
the conventional photon blockade. As shown in Fig. 7, the
second-order correlation function g(lz)(O) is increased with
increasing driving strength €2, which is not conducive to the
generation of PB. Even when the 2 is large enough, the
photon blockade will disappear. Moreover, we found that CP,
gradually moved away from EP with increasing <2 [Fig. 7].
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