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In this Supplementary Material, we present the detailed results on the noise-tolerant quantum entanglement in
optomechanical networks. Specifically, this document consists of five sections: (i) the Langevin equations, the
dark mode, and its breaking in a three-mode optomechanical system; (ii) optomechanical entanglement enabled
by the dark-mode breaking, which is induced by synthetic magnetism; (iii) Dark modes and their breaking
in optomechanical networks; (iv) dark-mode-immune entanglement networks; and (v) possible experimental
realizations of the system.

I. THE LANGEVIN EQUATIONS, THE DARK MODE, AND ITS BREAKING

In this section, we derive the quantum Langevin equations of a two-vibrational-mode optomechanical system, which consists
of two vibrational modes optomechanically coupled to a common cavity-field mode. We also analyze the dark-mode effect and
its breaking in this system.

A. The Langevin equations

The Hamiltonian of the physical system considered in the main text reads (with 7 = 1):

2

H = wecte + Z[wjdjdj +gjcTc(dj + d))] + (Qee + Q' cTe ™) + H,, (Sla)
j=1

H, = x(e®d d> + e®d}d)), (S1b)

where ¢’ (¢) and dj. (d)) are the creation (annihilation) operators of the cavity-field mode (with resonance frequency w.) and
the jth vibrational mode (with resonance frequency w)), respectively. The optomechanical interactions between the optical
mode and the two vibrational modes are described by the radiation-pressure g; terms. The Q term describes cavity-field driving
with driving frequency w;. The term H, describes a phase-dependent phonon-hopping interaction between the two vibrations,
which is introduced to break the dark mode in this system. In a rotating frame, defined by the unitary transformation operator
exp(—iwrc’ct), the Hamiltonian of the system becomes

2
H; = Acte + Z[w jdid; + gjcted; + dD)] + (Qc + Q¢ + x(®ddy + O d}d)), (S2)

J=1

where A, = w, — wy is the cavity-field driving detuning.
By phenologically adding the dissipation and noise terms into the Heisenberg equations, the quantum Langevin equations of
this system can be obtained as:

*Electronic address: jqliao@hunnu.edu.cn


mailto:jqliao@hunnu.edu.cn

¢ ==k +i[Ac+ g1(dy +d)) + ga(dy + d)]fe — iQ" + V2kcin,
dy == (y1 +iw))d; - igic'c — iye®dy + \/2_)’1d1,1n,
dy = — (y2 + iwn)dy — igac’c — ixe ™dy + \2y2dan, (S3)
where « (yj=17) is the decay rate of the optical (jth vibrational) mode, while c¢;, and d;, are, respectively, the zero-mean input
noise operators for the optical mode and the jth mechanical mode, characterized by the following correlation functions:
(ein(De}, (1) = 8t = 1), (el Den(@)) = 0,
(jin(Dd], (1)) = (B + DS = 1), (dl (Odin()) = 7ij6(1 = 1), (S4)

where 7ij_1, = {exp[hw i/ (kT )] — 1}_1 denotes the average thermal occupation numbers associated with the heat bath of the jth
mechanical mode, with kg being the Boltzmann constant and 7'; being the bath temperature of the jth mechanical mode.

By considering the strong-driving regime of the cavity, we can apply a linearization procedure to simplify the physical model.
Specifically, we express the operators in Egs. (S3) as the sum of their steady-state mean values and quantum fluctuations, i.e.,

0 ={0)s + 00 (S5)
for the operators o € {c, et dj, d;}.

By separating the classical motion and quantum fluctuations, the equations of motion for the classical-motion variables can
be obtained as:

d + .
20 ==kt i[Ac + g1(d) +(d])) + gada) + () | ) — i€,
d .
7 ) =~ i1 () — igi (") () = ixe® (dr) =y ().
d .
7 o) =~ iy (da) = iga ) () = ixe™® () = y2 {do) (S6)

In this work, we focus on the steady-state entanglement of the system. Then, the steady-state mean values of the dynamical
variables are obtained as:

—iQd" () = —i(g1l(C)ss* + xe™(dh)ss) (), = —i(gal(C)ss]* + xed) }ss)
K+ iA’ 17ss Y1+ iw ’ 2/ss Vo +iws ’

<C>ss =

(87

where we introduce the normalized driving detuning A = A, + 2 Z?ZI gjRe[(d})ss], with Re[{d)s] taking the real part of (d)ss.
The linearized equations of motion for these quantum fluctuations are given by

6¢ = = (k + NS¢ — iG1(8d + 6d)) — iGy(8d + 6d) + V2kein,
6d) = — iG6¢ — (y1 + iw))dd; — ixe®6dy — iG6¢’ + \2yid) jn,
8dy = — iG36¢ — ixe 8d) — (y; + iw2)dds — iGr¢’ + 2y2dain, (S8)

where dc (6c') and 6d =12 (6d}) are the fluctuation operators of the cavity-field mode and the jth vibrational mode, respectively.
Gj-15 = gj{c)ss is the linearized optomechanical-coupling strength between the cavity field and the jth vibrational mode. Note
that in the following discussions {c)s is assumed to be real, which is accessible by choosing a proper driving amplitude Q. This
indicates that the linearized optomechanical-coupling strength G; is real too.

Based on Eq. (S8), we know that these three bosonic modes are coupled to each other through bilinear-form interactions.
Mathematically, we can infer an effective Hamiltonian to govern these bilinear interactions, which include both excitation-
exchanging (beam-splitting-type) terms and the excitation-creating (two-mode-squeezing) terms. In our optomechanical
entanglement scheme, the beam-splitting-type interactions between these bosonic modes are expected to dominate the linearized
couplings in this system, and hence we can simplify the Hamiltonian of the system by applying the rotating-wave approximation
(RWA). The linearized optomechanical Hamiltonian in the RWA takes the following form (discarding the noise terms)

2
Hrwa = Adcéc + Z[w ,5dj5d, +G j(acdd]’f +8d;6¢)] + x(06d] 5dy + e 5d]5d)). (S9)

J=1

Below, we analyze the dark-mode effect in this system based on the Hamiltonian Hrwa in Eq. (S9).
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FIG. S1: (a) Coupling strength |G_|/w; versus the frequency ratio w,/w; and the coupling strength ratio G, /G, of the two vibrational modes.
(b) Coupling strengths |G.|/w; (dashed lines) and |G_|/w; (solid lines) versus the frequency ratio w,/w; when G,/G=0.5 (black lines), 1
(blue lines), and 1.5 (red lines). Here we set G| /w; = 0.2.

B. Dark-mode effect

To study the dark-mode effect in this three-mode optomechanical system, we first consider the case where the synthetic
magnetism ( induced by the phonon-hopping term) is absent, i.e., dark-mode-unbreaking (DMU): y = 0, then the
Hamiltonian (S9) is reduced to

2
Hgwa = Adc'6c + Z‘[w jddjéd,- +G j((sasdj +6d;6cN]. (S10)
J=

In this system, the two vibrational modes dd; and 6d, coupled to a common optical mode 6c form two hybrid mechanical modes,
which are described by the two annihilation operators:

1
D, = —(G15d1 + Gz(sdz), (S11)
\JG? + G2
1
D_ = (G26d, — G16db). (S12)

2 2
1/Gl +G;

It can be shown that the two hybrid vibrational modes satisfy the bosonic commutative relations [D.., Dl] = 1. The Hamiltonian
in Eq. (S10) can be rewritten with the hybrid vibrational modes D, and D_ as

Hyp = ASCT6c+ 0, DLD, + w_DID_+ G (5¢D] + D¢ + G(DLD_ + DI D,), (S13)

where we introduce the resonance frequencies w. and the coupling strengths G as:

G%a)l + G%wz G%wl + G%wz
w,=————, w.= —— Sl4a
" G? +G? G? + G2 (S142)
G1Gy(w — w)
G, =GP +G, G = 1222 (S14b)
G?+G;

We can see from Eqgs. (S13) and (S14b) that, when w; = w;,, the mode PD_ is decoupled from the system (i.e., G- = 0), soitisa
dark mode, while D, is a bright mode and it always couples to the cavity field due to G, > 0.
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FIG. S2: Polar-coordinate representations of: (a) the redefined coupling strength G /w,, versus the modulation phase ® when G i/wn = 0.1
(blue hollow disks) and G;/w,, = 0.2 (blue solid disks) for j = 1,2; (b) the redefined coupling strength G_/w,, versus the modulation phase ©
when G;/w,, = 0.1 (red hollow rectangles) and G;/w,, = 0.2 (red solid rectangles). Here we have chosen the mechanical resonance frequency
wy, as the frequency scale and assumed y/w,, = 0.1 and w;/w,, = 1.

In Fig. S1(a), we plot the redefined coupling strength |G_|/w; as functions of the frequency ratio w,/w; and the coupling-
strength ratio G,/G; of the two mechanical modes. We find that when w, = wj, the redefined coupling strength G_ becomes
zero, which indicates that the dark mode (i.e., the mode D_) emerges in the system. Though the dark mode exists theoretically
only at w; = w», the dark-mode effect actually works for a wider detuning range [as marked by the dashed-line area in Fig. S1(a)].
Physically, the width of the dashed-line area is determined by the spectral resolution in the two-vibrational-mode optomechanical
system. Here, this width is approximately determined by the cavity-field decay rate, because the decay rate of the vibrational
mode is much smaller than that of the cavity field.

Owing to the existence of the dark-mode effect [S1-S6], the generation of quantum entanglement is completely suppressed
in the three-mode optomechanical system. Physically, the two vibrational modes coupled to a common cavity-field mode can
be hybridized into a bright mode and a dark mode. Here, the dark mode is decoupled from the system. As a result, the thermal
excitations associated with the dark mode are kept in this system, and then the thermal noises associated with the dark mode
destroy quantum entanglement. Thus, it is naturally to ask the question whether we can generate quantum entanglement by
breaking the dark-mode effect in this optomechanical system.

C. Dark-mode breaking

To break the dark-mode effect in the two-vibrational-mode optomechanical system, a phase-dependent phonon-exchange
interaction is introduced into the system, i.e., dark-mode-breaking (DMB) by assuming y # O and ® # nmr. This phonon-
hopping-coupling term is used to form a phase-dependent loop-coupled configuration and to generate an effective synthetic
magnetism [S7-S15], which induces a path interference between two excitation-transport channels. Physically, the dark-mode
effect can be broken by tuning the synthetic magnetism in this phase-dependent loop-coupled three-mode optomechanical
system.

To induce the dark-mode breaking, we introduce two superposition-vibrational modes associated with the synthetic
magnetism: D, and D_, defined by:

D, = F6d, - ®Kédr, D_ = e ©Késd, + Féds, (S15)
then the Hamiltonian in Eq. (S9) becomes

Hgwa = A6c'6c+ @0, DD, + 0 D' D_ +(G26cD! + G, D,6¢") + (G 6cD' +G_D_sch, (S16)



where the resonance frequencies @. and the coupling strengths G.. are defined as:

1
oy = z(a)l +wy (@) — ) +4x2), (S17)

G, = FG, - e ®KG,, G_= ¢°KG, +FG,, (S18)

F = lo- —wil/ {J(@- —w)?* +x2, K= xF/(@--w). (819)

In the degenerate-two-resonator case: w; = w; = wy,, the above introduced parameters become &, = w,, +x, ¥ =1/ \/Z and
% = —1/ V2. Then the coupling strengths in Eq. (S18) can be simplified to

and

with

G. = (G +e G/ V2, G_= (G,-¢e®°Gy)/ V2. (S20)

We proceed to analyze the dependence of the dark-mode effect on the real and positive coupling strengths G| and G,. Here, we
consider the symmetric-coupling (G; = G, = G) case, and obtain the relations:

G, = Gl +e™©)/V2, G_= G(1-¢9/V2. (S21)

It can be seen from Eq. (S21) that, when ® = nr for an integer n, one (i.e., the dark mode) of the two hybrid mechanical modes is
decoupled from the cavity-field mode. In Figs. S2(a) and S2(b), we plot G.. as a function of ®, when w; = w, and G| = G,. We
can see that the dark mode exists only when ® = nn. For an odd n, we obtain G, = 0 (see blue symbols), and thus 9D, becomes
a dark mode. For an even n, we obtain G_ = 0 (see red symbols), and thus D_ becomes a dark mode. Tuning ® # nx leads to
an effective coupling of the dark mode to the optical mode, which indicates dark-mode breaking. Physically, a reconfigurable
synthetic gauge field can be realized by tuning the phase ®, which enables flexible switching between the DMU and DMB
regimes.

Here we should highlight that we have performed the rotating-wave approximation (RWA) in the optomechanical interaction
only in the derivation of the analytical expression of the dark mode, i.e., only in analytically demonstrating the dark-mode
effect and its breaking. In other Sections of the main text and SM, we do not perform the RWA in the light-vibration coupling.
In particular, in the derivation of the entanglement measures and numerical simulations, we considered both beam-splitter-
type (rotating-wave terms) and two-mode-squeezing-type (counter-rotating terms) optomechanical interactions to study the
generation of optomechanical entanglement.

II. GENERATING BIPARTITE OPTOMECHANICAL ENTANGLEMENT AND FULL TRIPARTITE OPTOMECHANICAL
INSEPARABILITY VIA DARK-MODE BREAKING

In this section, we derive the steady-state variance matrix, and adopt the logarithmic negativity and the residual contangle to
quantify bipartite entanglement and full tripartite inseparability in this system, respectively.

A. Steady-state variance matrix

By defining the optical and mechanical quadratures and the corresponding Hermitian input noise operators:
§X, = (o' +60)/ V2, Y, = i(So" - 60)/ V2,
X" = (0] +60i)/ V2, Y = i(80] — o)/ V2, (S22)
the linearized Langevin equations in (S8) can be reexpressed as:

0Xy4, = — y10Xy, + w16Yy, + x(sin@®6X,, + cos OYy,) + 2)/1ngl,

6%y = — w16Xa, — 716Y4, — x(cos O5Xy, — sinO5Y,,) — 2G16X. + 2y Y,

6Xd2 = — x(sin ®@6Xy, — cos @Yy, ) — 20X 4, + w20Y4, + \/E 2?2,

¥4, = — x(cos ©6Xy, +sin@6Yy,) — 26Xy, — ¥20Yy, — 2G26X, + V272V,

6X. = — kX, + ASY. + V2uX™,

6Y. = = 2G16Xy, — 2G26Xy, — ASX, — k8Y, + V2kY™. (S23)



The Langevin equations (S23) can be reexpressed as a compact form:

u(?) = Au(?) + N(1), (524)
where we introduce the fluctuation operator vector
u(t) = [6Xy,, 64, 6X4,, 6Ya,, 60X, 6Y, 1", (S25)
the noise operator vector
N = V2[\iXe, 7Y, X, Y, Vix®, vey™)”, (S26)

and the coefficient matrix

-Y1 W X+ X- 0
—wy Y1 —X- X+ —2G
A=| X+ X~ 7 w0

D>Doocoo

) S27
—X- X+ —w2 —y2 —2G (527)
0 0 0 0 —x

—2G| 0 —2G2 0 -A —K
with y; = ysin® and y_ = y cos ©®. A formal solution of the linearized Langevin equation (S24) is given by
!
u(?) = M(»u(0) + f M(t — s)N(s)ds, (S28)
0

where M(7) = exp(Af). Note that the parameters chosen for all our numerical simulations satisfy the stability conditions derived
from the Routh-Hurwitz criterion [S16]. Namely, the real parts of all the eigenvalues of A are negative.

For studying the quantum entanglement between the optical mode and the mechanical modes, we calculate the steady-state
value of the covariance matrix V, which is defined by the matrix elements

Vi = %[(uk(oo)uz(oo» + (u(c0)ug(e0))], (529)
for k, [ = 1-6. Under the stability condition, the steady-state covariance matrix V fulfills the Lyapunov equation,
AV + VAT = -Q, (S30)
where we introduce the matrix
Q= %(C +Ch), (S31)
with C being the noise correlation matrix, which can be defined through the matrix elements,
(N(Ni(s")) = Cr0(s — 5). (532)
In terms of Egs. (S26), (S31), and (S32), the expression of the matrix Q can be obtained as
Q =diagly: 2, + 1), 71201 + 1), 72202 + 1), 722712 + 1), k, k}. (833)
Based on Eqgs. (S27), (S30), and (S33), we can obtain the steady-state variance matrix V. Then, the steady-state properties of the

three-mode optomechanical system can be achieved.

B. Bipartite entanglement and full tripartite inseparability measures

Here, we apply two entanglement measures: the logarithmic negativity and minimum residual contangle, which are used to
quantify the bipartite entanglement and full tripartite inseparability, respectively.



1. Logarithmic negativity

The optomechanical entanglement between the optical mode and the jth vibrational mode can be quantified using the
logarithmic negativity Ey ;, defined as [S17]

Ey,j = max [0, —ln(2§jf)] , (S34)
where
{7 =27 HE(V) — [E(V)” — 4detV ]2} 2, (835)
with
(V) = detA; + detB — 2detC;, (836)

being the smallest eigenvalue of the partial transpose of the reduced correlation matrix V] In Eq. (S35), the reduced correlation
matrices V;. is obtained by removing the rows and columns of the uninteresting mode in V. The matrix V'j takes the form as

V. = ( A € ) (S37)

where A;, B, and C; are 2 X 2 subblock matrices of Vj

2. Minimum residual contangle

To study the full tripartite optomechanical inseparability in the three-mode optomechanical system, we apply a quantitative
measure of the residual contangle £7*" [S18-S21], which is given by

EF =Bl —EP —EY, rsiteld,d,cl, (S38)

where E’T“” denotes the contangle of subsystems of u (u contains only one mode) and v (v contains one or two modes), and (7, s, )
denotes all the permutations of the three mode indexes [S18]. E?‘V is a proper entanglement monotone, and it can be defined as

the squared logarithmic negativity [S18]
, 2 2
E" = [EN] = {max[0, —In27.)]} ", (S39)

where V_ is the minimum symplectic eigenvalue of the covariance matrix.
(i) When v contains only one mode, 7_ in Eq. (S39) is given by

7_ = min [eigliQ V|, (S40)

where

2

0 =Pioy, (S41)

j=1
with o, being the y-direction Pauli matrix. The matrix V4 in Eq. (S40) is defined by
V4 = PoV4Py, (542)

where V4 is the 4 X 4 covariance matrix of two subsystems, obtained by removing the rows and columns of the uninteresting
mode in V, and

Py = diag(1,-1,1,1) (S43)

denotes the matrix that realizes the partial transposition at the level of the covariance matrixes.



(i) When v contains two modes, 7_ in Eq. (S39) is given by

y_ = min [eig|iQ3V|] R (S44)
where
3
o= Do, (S45)
J=1
and
V = Pr‘(SI)VPr‘(St). (S46)

Here, V is the 6 X 6 covariance matrix of the system, and we introduce the partial transposition matrices

Pajaye) = diag(1,-1,1,1, 1, 1),
Payjae) = diag(1,1,1,-1,1,1),
Peyaay = diag(1, 1, 1,1, 1, -1). (S47)

The residual contangle satisfies the monogamy of quantum entanglement, i.e.,
ENSD > ETs 4 ETI (S48)

This inequality is similar to the Coffman-Kundu-Wootters monogamy inequality, which holds for three qubits [S20].
A quantification of the continuous-variable tripartite inseparability is provided by the minimum residual contangle [S18]

E;ISIt = {E}B[Eil(m _ E:Is _ Eﬂ’], (S49)
where (7, s, t € {d}, d>, c}) denotes all the permutations of the three mode indexes [S18]. The nonzero minimum residual contangle
E™" > 0 means that the full tripartite inseparability is generated.

C. Optomechanical entanglement

When the two mechanical modes are coupled to a common optical mode, the two mechanical modes can form two hybrid
mechanical modes: a dark mode and a bright mode. The dark mode is decoupled from both the bright mode and the cavity-field
mode. As a result, the quantum entanglement of light and motion is generally destroyed by thermal noise concealed in the dark
mode. To break the dark-mode effect, we introduce a phase-dependent phonon-exchange interaction between the two vibrational
modes to build a loop-coupled configuration, and thus an effective synthetic magnetism can be induced in this phase-dependent
loop-coupled system. In this section, we study the optomechanical entanglement in the three-mode optomechanical system.
Concretely, we consider both the degenerate and non-degenerate mechanical mode cases. We focus on quantum entanglement
in both the dark-mode-breaking and dark-mode-unbreaking regimes. By analyzing the optomechanical entanglement in the
cases of both the presence and the absence of the dark modes, we can confirm the action of the dark-mode breaking on the
enhancement of the entanglement.

1. Degenerate-mechanical-mode case

We first study optomechanical entanglement in the degenerate-mechanical-mode case. The introduced synthetic magnetism
plays a critical role in the creation of light-vibration entanglement. Below, we study how synthetic magnetism affects the
generation of light-vibration entanglement, i.e., we study the dependence of the light-vibration entanglement on the parameters
® and y of the phase-dependent phonon-exchange coupling.

In Figs. S3(a) and S3(b), we plot the light-vibration entanglement measure Ey ; as functions of the modulation phase ®
and the effective driving detuning A when the system operates in the DMB regime. We can see that there exist two red holes
in each figure around A = w,,, which indicate that the photon-phonon entanglement can be created around the red-sideband
resonance. In particular, the optomechanical entanglement Ex ;| (Ex2) is much larger than Exn, (En ) in the region 0 < ® <7
(m < ® < 2m). This is because the synthetic magnetism enabled in the loop-coupled system can be modulated by tuning ®.
The maximal entanglement emerges at ® = 7/2 and 37/2, corresponding to a strong path interference between two excitation-
transport channels.
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FIG. S3: (a,b) Logarithmic negativity Ey ;, quantifying quantum entanglement between the optical mode and the jth vibrational mode, versus
the modulation phase ® and the effective driving detuning A in the DMB regime, when the phonon-hopping coupling strength y/w,, = 0.1. (c)
Ey 1 (blue curve) and Ep (red curve) versus ® when y/w,, = 0.1. Logarithmic negativities (d) Ex; and (e) Ex versus the effective driving
detuning A and the phonon-exchange coupling strength y, when the modulation phase ® = n/2. (f) Ex; (blue curve) and Ex (red curve)
versus y when ® = 7/2. In our simulations, we have chosen the mechanical resonance frequency w,, as the frequency scale and assumed the
experimentally feasible parameters: w;/w, = 1, y;/w, = 1073, Gjlw, =02, k/w, =0.2,and 7i; = 100 for j = 1,2.

We can also see from Figs. S3(a) and S3(b) that, at proper values of the modulation phase ® (® # nx), the optimal photon-
phonon entanglement locates around the red-sideband resonance, i.e., A = w,,. Additionally, the optomechanical entanglement
is completely destroyed, i.e., Ex,; = Enx» = 0 at ® = nr for an integer n, which corresponds to the emergence of the dark mode.
Hence, it is possible to switch the device between separable and entangled states by tuning the synthetic magnetism (i.e., the
modulation phase ®).

In Figs. S3(d), S3(e), and S3(f), we find that, in the absence of the synthetic magnetism (i.e., y = 0), there is no optomechanical
entanglement completely. This is because the system possesses the dark mode and the thermal noise stored in this dark mode
destroys quantum entanglement. In contrast to this, when we introduce a proper synthetic magnetism (y # 0 and ® # nn),
light and multiple vibrations become entangled owing to the breaking of the dark mode. Moreover, the maximal optomechanical
entanglement can be observed at y = 0.15w,, and the red-sideband resonance A = w,.

Though the dark mode exists theoretically only in the two-degenerate-resonator case (w; = wy), the dark-mode effect is
observed within a finite parameter range for w; # w, (i.e., the detuning window). Next, we show the dependence of the
detuning-window width of the dark-mode effect on the thermal phonon numbers 7 of the vibrational modes.

In Fig. S4, we plot Ex; and Ex, as functions of the frequency ratio w,/w; and the thermal excitation numbers 7 of the
two mechanical modes in both the DMU [y = 0, see Figs. S4(a), S4(b), and S4(c)] and DMB [y/w; = 0.1 and ® = /2, see
Figs. S4(d), S4(e), and S4(f)] regimes. In the DMU regime, the optomechanical entanglement is suppressed in a wide frequency-
detuning range, and the suppression range of quantum entanglement becomes much wider for a larger value of thermal phonon
number 7, as marked by the dark blue area in Figs. S4(a) and S4(b). For example, Fig. S4(c) shows that the dark-mode effect
is observed for a finite frequency-detuning range, and that the range for 7 = 300 is wider than that for 7 = 100. In the DMB
regime, we can see that the light and vibrations are entangled irrespective of the value of the ratio w,/w, for a wide range of 7,
as shown in Figs. S4(d) and S4(e). These results confirm that light and vibrations can be entangled via the DMB mechanism
even when light-vibration entanglement is fully destroyed in the DMU regime. By breaking the dark-mode effect with the
synthetic magnetism, Ex; and Ex, can be switched from significantly suppressed, or even fully destroyed, to fully entangled
[see Fig. S4(f)]. These results indicate that the introduced synthetic magnetism can be used for enhancing the optomechanical
entanglement for both degenerate and nondegenerate mechanical resonators, and especially, the work window of the synthetic
magnetism becomes wider for a larger value of the thermal phonon number of the mechanical resonator.

In addition, we find that in the nondegenerate-resonator case (i.e., w; # wy), the optomechanical entanglement may be slightly
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FIG. S4: Logarithmic negativities (a) Ex; and (b) Ex» versus the thermal phonon numbers 72; = 7 and the resonance frequency ratio w,/w;
of the two mechanical modes in the DMU regime (y = 0). (¢) Ex; and En versus w,/w; when 7 = 100 (solid curves) and 7 = 300 (dashed
curves) in the DMU regime. (d) Ex; and (e) Ex, versus 71 and w,/w; in the DMB regime (y/w; = 0.1 and ® = 7/2). (f) Ex; andE , versus
w,/w; when 71 = 100 (solid curves) and 7 = 300 (dashed curves) in the DMB regime. Other parameters used are the same as those in Fig. S3.

degraded by the introduced synthetic magnetism, as shown in Figs. S4(c) and S4(f). We explain this entanglement-degradation
phenomenon based on two points: (i) The dark-mode effect exists within a frequency-detuning window, and therefore, within
this window, the breaking of the dark-mode effect is the dominating factor for the entanglement-generation performance; (ii)
Out of this window, the combination effect of the original optomechanical couplings and the introduced phase-dependent
phonon-hopping interactions governs the entanglement generation, and hence the quantum interference effect induced by the
two coupling channels can change the optomechanical entanglement through both constructive and destructive interferences.

Thermal noises in practical devices destroy fragile quantum resources. To protect quantum resources from environmental
thermal perturbations, we introduce the synthetic magnetism which can significantly develop the noise tolerance of the quantum
entanglement. To investigate the influence of the synthetic magnetism on the noise-tolerant quantum entanglement, we plot the
logarithmic negativity Ey; as a function of the modulation phase ® and the thermal excitations 7 in the mechanical resonators,
as shown in Fig. S5. We can see that, in the DMU regime, quantum entanglement emerges only when 71; < 1; while in the DMB
regime, it can persist to an extremely high thermal phonon numbers. In additional, we also have confirmed that the stronger
synthetic magnetism leads to a larger noise-tolerant entanglement, which is generated via the DMB mechanism. This means
that the DMB mechanism provides a feasible way to create and protect fragile quantum resources against dark modes, and build
noise-tolerant quantum devices and entanglement switches.

In particular, quantum entanglement between light and multiple mechanical modes can be switched on and off on demand by
engineering the synthetic magnetism. For example, when 0.5 < i1; < 400, both two entanglement channels are cut off due to the
absence of the synthetic magnetism, while by inducing the synthetic magnetism, these channels are turned on simultaneously.
The maximal synthetic magnetism (i.e., ® = n/2 and 37/2) leads to a strong entanglement. Additionally, we find that when
400 < 7i1; < 700, there exists only one entanglement channel, i.e., for ® = /2 (37/2), an optomechanical entanglement E
(En2) is created, while no entanglement occurs for the other one. This indicates that a selective entanglement switch can be
achieved.

We also study the influence of the cavity-field decay rate x on the light-vibration entanglement when the system works in both



11

0 2 : - - -
70 (a) E i 0.18 0 (¢) DMB
Separable | 0.15¢ 1
. /2
n = . —
W0 2\ B -
y o ooos) E O\ P .
Entangled Entangled = E
0 ol “ DMU
0 T : -
0 1 2 102 10" 1 10 10% 10°
e/ e/ n

FIG. S5: Logarithmic negativities (a) Ex; and (b) Ey , versus the modulation phase ® and the thermal phonon numbers 7 of the two vibrational
modes via the DMB mechanism. (c) Ex,; and E » as functions of the thermal phonon numbers 77 when ® = /6 and ® = 7/2 in both DMU
(solid curves) and DMB (marked by symbols) regimes. Other parameters used are the same as those in Fig. S3.

DMB and DMU regimes. In Figs. S6(a) and S6(b), we plot the logarithmic negativity £y ; as a function of the rescaled cavity-
field decay rate x/w; when the system works in both the DMU and DMB regimes. Here, we can see that, in the DMU regime,
the light and vibration are separable, i.e., Ey ; = 0 (see the solid lines). When switching to the DMB regime, optomechanical
entanglement can be realized when the system is in the resolved-sideband regime, i.e., k < w,,. The optimal working parameter
of the cavity-field decay rate k (corresponding to the maximum value of the logarithmic negativity E ;) is around «/w,, = 0.2.

The vibrational modes are thermalized by their thermal baths through the mechanical dissipation channels, and thermal
noises can destroy fragile quantum correlations in practical devices. Below, we study the dependence of the optomechanical
entanglement on the mechanical decay rate y,,.

In Figs. S6(c) and S6(d), we show the logarithmic negativity Ex ; as a function of the mechanical decay rate 7,,, when the
system operates in both the DMB (dashed lines) and DMU (solid lines) regimes. We can see that the values of the logarithmic
negativity Ey ; increase with the decrease of the mechanical decay rate v,,. This is because the thermal-noise-exchange rates
between the mechanical resonators and their heat baths are much slower for a smaller value of the decay rate y,,, and it is good
for protecting quantum resources from environmental thermal perturbations. This indicates that a high Q-factor resonator can be
useful for generating a robust quantum entanglement. In Figs. S6(c) and S6(d), we have Ex 1 > En because the phase angle
® = n/2 is set, then quantum entanglement between the first mechanical mode and the cavity-field mode is stronger than that
between the second mechanical mode and the optical mode. However, an opposite entanglement phenomenon, compared with
the case of ® = /2, emerges when ® = 37/2, as shown in Figs. S6(c) and S6(d).
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FIG. S6: (a,b) Logarithmic negativity E, ; versus the cavity-field decay rate « when (a) ® = /2 and (b) ® = 37/2 in the DMB (dashed curves)
regime. Here we assume y,,/w,, = 107. (c,d) Logarithmic negativity Ey; versus the mechanical damipings v,, when (c) ® = 7/2 and (d)
©® = 37/2 in the DMB (dashed curves) regime. Here we set k/w,, = 0.2 and yy/w,, = 107>, Other parameters used are the same as those in
Fig. S3. In these four cases, we also present the corresponding entanglement in the DMU regime (solid curves) for comparison with that in the

DMB regime.
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FIG. S7: (a) Logarithmic negativities Ex ; (blue curves) and E , (red curves) between the optical mode and each mechanical mode versus the
effective driving detuning A in various cases: y = 0 (solid curves), and y = 0.1w; and ® = /2 (dashed curves). (b) Ex; and (c) Ex, versus y
and ©, when A = w;. (d) Ex; (blue curve) and Ex, (red curve) vs y, when ® = 7/2. (e) Ex 1 (blue solid curve) and E, (red dashed curve)
vs O in the polar coordinates, when y = 0.1w;. Here we set w, = 1.1w,, and other parameters are the same as those in Fig. S3.

2. Nondegenerate-vibrational-mode case

In the degenerate-vibrational-mode case, i.e., w; = w;, the introduced phase-dependent phonon-hopping interaction is used
to induce a synthetic magnetism and then control the dark-mode effect.

In the nondegenerate-vibrational-mode case, i.e., w; # w,, though there is no dark mode, the synthetic magnetism can
also be used for modulating the optomechanical entanglement. In this section, we study the dependence of the light-vibration
entanglement on the synthetic magnetism in the nondegenerate-mechanical-mode case.

As an example, in a nondegenerate-mechanical-mode case of w, = 1.1w;, we plot the logarithmic negativity Ey,; of the
optical mode and the jth mechanical mode as a function of the driving detuning A in the absence (y = 0, solid curves) and
presence (y = 0.1w,, and ® = 7/2, dashed curves) of the synthetic magnetism, as shown in Fig. S7(a). It shows that light and
vibrations are correlated in both cases: without the synthetic magnetism (Ex 1 = En2 = 0.07, see the lower solid curves) and
with the synthetic magnetism (Ex; = 0.15, Ex = 0.12, see the upper dashed curves). In particular, the peak entanglement
appears around the red-sideband resonance, i.e., A = w;. In principle, when the two mechanical resonators are far-off-resonant
with each other, there is no dark mode, then quantum entanglement can be generated under a proper driving condition (the
red-sideband resonance).

Since the phase-dependent phonon-hopping interaction (synthetic magnetism) plays a critical role in the enhancement of
light-vibration entanglement, we investigate the dependence of the optomechanical entanglement on the parameters y and ® of
the phase-dependent phonon-hopping coupling. In Fig. S7 (a), we plot the logarithmic negativity Ex ; versus the parameters y
and O in the nondegenerate-vibrational-mode case. The plots show that the light-vibration entanglement in the nondegenerate-
mechanical-resonator case can be controlled via the phase-dependent phonon-hopping interaction (i.e., the phase in a loop
coupling leads to a synthetic magnetism). In particular, the optomechanical entanglement Ex,; (Ex ) is much larger than Ey/ >

700 T T
—<Eu ]
—E\
n \g/wl ~0.1,0/7=1/2
0 0 400 c00 =00 103
0 1 2 0 1 2 0 200 400 600 800 10
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FIG. S8: Logarithmic negativities (a) Ex; and (b) Ex » versus the modulation phase ® and the thermal phonon numbers # when y = 0.1w, and
® =n/2. (c) En, (blue curves) and Ey , (red curves) as functions of the thermal phonon numbers 7z when y = 0 (solid curves), and y = 0.1w;
and ® = 7/2 (dashed curves). Here we set w, = 1.1w,, and other parameters are the same as those in Fig. S3.
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FIG. S9: Bipartite entanglement measures Ey ;- of the jth vibrational mode and the cavity-field mode versus A/w,, when the synthetic
magnetism is off (y = 0, the lower solid lines) and on (y/w,, = 0.02 and ® = n/2, the upper dashed curves). Here we set w;/w, = 1 and
choose w,, as the frequency scale. Other parameters are G;/w,, = 0.02, y;/w,, = 107, k/w,, = 0.2, and 71 ;= 100.

(En 1) in the region 0 < ® < & (7 < ® < 27). Maximal entanglement emerges at ® = x/2 and 37/2, which corresponds to the
maximal synthetic magnetism. In particular, all the studied types of optomechanical entanglement become much weaker near
® = nr for an integer n, corresponding to the absence of the synthetic magnetism in the system.

Below, we study how to protect fragile quantum resources from environmental thermal noise by introducing the synthetic
magnetism in the nondegenerete-mechanical-mode case. We plot the logarithmic negativity Ex ; as functions of the modulation
phase ® and the thermal excitations 7 of the mechanical modes, as shown in Fig. S8. We can see from Figs. S8(a) and S8(b) that,
for a given value of 7, the logarithmic negativities En; and Ey » depend on the phase angle @. In particular, we have confirmed
that, corresponding to a stronger synthetic magnetism, a larger noise tolerance of the quantum entanglement can be obtained [see
Figs. S8(a) and S8(b)]. Namely, the maximal synthetic magnetism (i.e., ® = 7/2 and 37/2) leads to the maximal entanglement.
These results indicate that, the phase-dependent phonon-hopping interaction (synthetic magnetism) provides a feasible way to
protect fragile quantum resources and build noise-tolerant quantum devices. For example, we can see from Fig. S8(c) that the
threshold of the quantum entanglement Ex j—1 > can be increased by introducing the phase-dependent phonon-hopping coupling
(i.e., the phase in a loop coupling leads to a synthetic magnetism).

3. Entanglement in the blue-detuning regime

In the above subsections, the effect of the synthetic magnetism on the light-vibration entanglement in the red-detuning regime
has been studied in detail. Now, we study the dependence of the optomechanical entanglement on the synthetic magnetism in
the blue-detuning regime, when the synthetic magnetism is either off or on.

To this end, we plot in Fig. SO the bipartite entanglement measures Ey -1, of the jth vibrational mode with the cavity-
field mode as functions of the driving detuning A, with and without the synthetic magnetism. We find that when the synthetic
magnetism is off, there exists a valley (see lower solid curves) around the blue-sideband resonance (i.e., A ~ —w,,). However,
when turning on the synthetic magnetism, the valley is changed to two peaks around A ~ —w,, (see the dashed curves). This
means that around the blue-sideband resonance, the light-vibration entanglement is suppressed in the absence of the synthetic
magnetism. When the synthetic magnetism is present, the light-vibration entanglement is enhanced around the blue-sideband
resonance. Physically, the introducing synthetic magnetism leads to the breaking of the dark-mode effect, and then it enhances the
light-vibration entanglement. Our findings indicate that by introducing the synthetic magnetism, fragile quantum entanglement
can be effectively engineered and protected in the blue-detuning regime.

III. DARK MODES AND THEIR BREAKING IN AN OPTOMECHANICAL NETWORK

In this section, we study the dark-mode effect in an optomechanical network, which consists of an optical mode coupled to
N (N = 3) vibrational modes. The nearest-neighboring vibrational modes are coupled to each other through phase-dependent
phonon-exchange interactions. For convenience, we here consider the case where there is no interaction between the first
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and last mechanical modes. In a rotating frame defined by the transformation operator exp(—iwya'at), the Hamiltonian of the
optomechanical network reads

N N N-1
Hy = Acfe+ Y widid;+ ) gicted;+d)) + Qe+ Q') + ) xj(e®dldy + He, (S50)
Jj=1 Jj=1 j=1

where A, = w. —wy is the driving detuning of the cavity-field resonance frequency w, with respect to the driving-laser frequency
wr. The operators ¢ (c") and d 5 (d';) are, respectively, the annihilation (creation) operators of the cavity-field mode and the
Jjth vibrational mode (with resonance frequency w;). The optomechanical interactions between the cavity mode and the jth
vibrational mode are described by the g; terms (with g; being the single-photon optomechanical-coupling strength). The cavity-
field driving is denoted by the Q term (with Q being the driving-laser amplitude). To induce synthetic gauge fields in this system,
we introduce the phase-dependent phonon-exchange interactions between the nearest-neighboring vibrational modes, with the
coupling strength y; and the phase ©;.

By phenomenologically adding the damping and noise terms into the Heisenberg equations obtained based on the Hamiltonian
in Eq. (S50), the quantum Langevin equations for the operators of the optical and mechanical modes are obtained as:

N
—ic[Ac + ) gi{d; +d))] - iQ — ke + V2kcp,

¢ =
=1
di = ~(yi +iw)di ~igic’e — i€ dy + \2y1dn,
diepn-n = —(yj+iwpd; - igjc'c —ixj e dj oy — iy @®idj + |2y djin,
dy = —(yn +iwy)dy — ignc'c — ixn-1e7dy_y + V2yndyn. (S51)

We also consider the strong-driving regime of the cavity field such that the average photon number in the cavity is sufficiently
large. Then the linearization procedure can be used to simplify the physical model. To this end, we express the operators in
Eq. (S51) as the sum of their steady-state mean values and quantum fluctuations, namely o = (o) + o for operators c, cf,
djell,N]’ and d;

By separating the classical motion of the system from its quantum fluctuations, the classical motion equations take the form

as:
d N .
=@ = _{K+i AL.+;gj((d‘,~)+(dj'.)) }(c}—iQ,
d .
)y = —(y1 + i Ndy) — igi{c)e) — ix1e®(da),

d . . . ey . e,
d—t(dje[z,N—ID —(yj + iw{d;y — ig (¢ )W) — ix ;1€ d_1) — ix ;€ 1),

~(yn + iwnXdy) — ign(cTMe) = ixn-1€7 (dy_1). (S52)

d
74N

The steady-state mean values of the dynamical variables are obtained as:

—-iQ
(Chss = - N P ,
k+i[Ac+ T g+ (d))]
<d > — _igl<CT>ss<C>ss - i/\/lei@] <d2>ss
1/ss Y1+ i(l.)] 5
_igj<CT>ss<C>ss - i/\/j—le_i@jf1 (dj—1>ss - l;\/jeie)/(dj-*—l)ss
(i n-11)ss = - ,
Y tiwj
—3 Y (e — IV n_1e ON-1 (] s
(s = iIgN{C" )ss{C)ss — IXN-1€ (dn 1>“. (S53)

(yn + iwy)
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The linearized equations of motion for the quantum fluctuations are given by:

N
~(k +iA)0c = ilc)ss ) 8j(8d; +6d)) + V2kein,

6¢ =
j=1
ody = —(y1 +iw)dd) — igi(c Ve — igi{e)s0C = ix1€*® 6dy + \[2y1dy jn.
6dje[2,N_1] = —(y; +iw;)od; - igj(cT)ss(Sc — igj(c)ssécT — i)(j_le_ief"édj_l - i)(je’@"éde + /27idjin,
Sdy = —(yn + iwy)ody — ign(csbc — ign{(chssdc” — ixn_167®16dy 1 + \2yndyin. (S54)

Based on Eqgs. (S54), we apply a procedure similar to that used in the two-mechanical-mode case to infer a linearized
optomechanical Hamiltonian governing the evolution of the quantum fluctuations. In the N-mechanical-mode case, the linearized
optomechanical Hamiltonian takes the form

Hy = Ascioc+w; 3, 6diod; + £, Gi(6ct6d; + 6d5¢) + Hunre, (S55)

where A = A, + Z?’: 18i(dj)ss + (d;)ss) is the normalized driving detuning after the linearization procedure, and G; = g;{c)ss is
the linearized optomechanical-coupling strength between the jth mechanical mode and the cavity-field mode. The last term in
Eq. (S55) is given by

Hue = Y05 H; (S56)
where the subscript “mrc” stands for the mechanical-resonator coupling of the Hamiltonian, and
Hj= xj(e®6d6d), | +e®6d;. 6d)), (S57)

describes the phonon-exchange interaction between the jth and (j + 1)th mechanical modes.

In order to investigate the dark-mode effect in the N-mechanical-mode optomechanical system, we first consider the case
where the phase-dependent phonon-exchange interaction is absent, i.e., Hy,. = 0. For convenience, we assume that all the
mechanical modes have the same resonance frequencies (w; = w,,) and optomechanical-coupling strengths (G; = G).

In this system, there exists a single bright mode

1 N
B=—— ) dad, (S58)

and N — 1 dark modes, which decouple from both the bright mode and the cavity-field mode, with the /th dark mode expressed
as

N
Dictiyony = —= > sd;ermi SN, (S59)
W ]:]

To break the dark-mode effect in the N-mechanical-mode optomechanical system, we introduce the phase-dependent phonon-
exchange interaction Hy,., which, in combination with optomechanical couplings, is used to form a loop-coupled configuration
and induce the synthetic magnetism. Without loss of generality, we assume that all the coupling strengths of the phonon-
exchange interactions are the same, y; = y. Thus, we diagonalize the Hamiltonian of these coupled mechanical resonators to
get

N N-1 N
Hon = wn Z sd'sd; +x Z(e‘iefédjéderl +®i8d;,18d7) = Z D! Dy, (S60)
=1 j=1 k=1

where the subscript “mrt” stands for the mechanical-resonator terms of the Hamiltonian, and Dy is the kth mechanical normal
mode with the resonance frequency

k
Q= wp +2/\/cos( dl

, k=1,2,3,---,N. S61
N+l) (S61)

The mechanical modes ¢d; and the normal modes Dy are related by

F 20 sin () De i=1

k=1 : S62
Leinhlo s in () Dy, jz2, (502

5dj={

N+1
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where we introduce the parameter A = +/(N + 1)/2. The Hamiltonian in Eq. (S55) can be rewritten with these mechanical
normal modes as

Hy = Asc'éc + XN D] Dy + Hom, (S63)

where the optomechanical-coupling Hamiltonian H,, reads

N N .
G silg . [ Jkm
_ i, Oy

ZIA ( )+ije sm(N+1)

It can be seen from Eq. (S64) that the total effect of these phases in the optomechanical interactions is simply determined by
the sum Zi;i 0,. Hence, we can apply a single phase to induce the DMB mechanism. For simplicity, we assume ®; = 0 for
Jj=2,---,N —1in the following discussions.

As a special case, we first analyze the case of N = 2, where the multiple-mechanical-mode optomechanical system is reduced
to the two-mechanical-mode optomechanical system, which has been analyzed before. Here, the optomechanical-interaction
Hamiltonian Eq. (S64) becomes

eD} + H.e. (S64)

V2G

Hom = ——(1+ e©NeD] +

‘/EG 1-e®)eD] + He.. (S65)
It is obvious that when ® = nrm for an integer n, the cavity field is decoupled from one of the two hybrid mechanical modes:
either Dy or D,. This hybrid mechanical mode, decoupled from the cavity mode, is a dark mode. However, in a general case
® # nn, the dark-mode effect is broken, and then the dark-mode-immune optomechanical entanglement becomes accessible
under proper parameter conditions.

For the case of N > 3, the coupling Hamiltonian H  between the cavity-field mode ¢ and the kth normal mode Dy can be
expressed based on Eq. (S64) as

Hy = GY(N)eD] + Hec., (S66)

where the effective coupling coefficient G(k) +(N) in Eq. (S66), between the cavity-field mode c and the kth normal mode Dy, can
be expressed as

G kn N jkn
) _ - e,
Gg(N) = s1n(N+ 1)+;e 1 s1n(N+ 1)} (S67)
For convenience, we consider the case of ®; = 0 for j = ,(N — 1), then Eq. (S67) is reduced to
- km - 2km
(k=o0dd) i® 0
Gog V(N =odd) = [(1+e ‘)sm(N+1)+2e ‘sm(N+1)
) ) N — Dk ; k
+ 2¢/® sin( ) -+ 26 sin ((Z(N ) ;T) + € sin (?”) ] (S68)
Gg:f:even) (N = odd) = l®1 sm ( ) (S69)
- - 2km
(k=0dd) _ 0 0 .
Gz ““(N =even) = (1+e 1)sm( )+2e ls1n(N+1)
3k Nk
+ 26 sm(N - 1) 4o+ 2 Sm(Z(N—-:rl))]’ (S70)
G V(N = even) =G4=""(N = odd). (S71)

According to Egs. (S68)- (S71), we can see that for odd numbers k, the effective coupling strength, between the cavity-field
mode ¢ and the kth normal mode Dy, is nonzero, i.e.,

GA=M (N % 0. (S72)

However, for even numbers k, the coupling strength can be expressed as

_ kr
(k=even) i® .
Gr=vm(N) = (1 —e ‘)sm(N+ 1). (S73)
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TABLE I: Correspondence of the effective coupling coefficient G(e'g(N ) [see Eq. (S67)] between the cavity-field mode ¢ and the kth normal
mode Dy in various cases when ®; = 0 for j € {2,3,4,--- , N — 1}. We also present the parameter conditions for the dark-mode breaking and
the entanglement generation.

Odd N Even ¥ Dark-mode | Entanglement
Odd k Even k Odd k Even k breaking | generation
[Eq. (S73)] | [Eq.(S74)] [Eq. (S75)] [Eq. (S76)] [Figs. S10-S11]
k k k k
0#2nrx Gif% #0 Ggf% #0 Gif% #0 Gif% #0 Yes Yes
k k k k
o=2nr | Gl#0 Gl =0 Gl #0 Gl =0 No No
We can simply see from Eqs. (S66) and (S73) that, when
O, = 2nmr, (S74)

the effective coupling strength between the even mechanical normal mode Dy—.ven and the cavity mode c is equal to zero, i.e.,
(k=even) _

Gy (N)=0. (S75)
In this case, all the even normal modes are decoupled from the cavity field (see Table I). Then optomechanical entanglement
cannot be generated in this system due to the dark-mode effect. Thus, these (N — 1) dark modes in such optomechanical networks
can be broken by tuning the modulation phase (see Table I)

®; # 2nnm. (S76)

This provides the possibility of switching a bosonic-network device between the DMB and DMU regimes.

IV. GENERATION OF QUANTUM ENTANGLEMENT IN OPTOMECHANICAL NETWORKS VIA SYNTHETIC
MAGNETISM

In this section, we generalize the DMB mechanism induced by the synthetic magnetism to generate entangled optomechanical
networks, which consists of a single cavity field cptomechanically coupled to N degenerate vibrational modes.

A. Logarithmic negativity

We introduce the optical and mechanical quadratures and the corresponding Hermitian input noise operators:

§X, = (60" +60)/ V2,  8Y, = 6o’ - S0)/ V2,
Xy = (50; +60m)/ V2, Y= i(60£1 —dow)/ V2, (S77)
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foro =¢,dy,- - ,dy, then the linearized Langevin equations given in (S54) for N = 5 can be rewritten as:

6X. = — k6X. + ASY, + V2kX™,

6Y, = — ASX. — k6Y. — 2G 16Xy, — 2G26X 4, — 2G36Xy, — 2G46X 4, — 2G50 Xy + @Yé“,

6Xy4, = —y10Xa, + w16Y4, + X1 5in©16Xy, + x1 cos O16Yy, + 2y 1 X,

¥4 = — w16Xa, = 116Y4, — 2G16X. — x1 €08 @16Xy, + x1 8in @16y, + 2y Y1,

6Xd2 = — 20Xy, + W20Yg, — x1 81N O16Xy, + )1 €08 O16Yy, + x28in @26Xy, + y2 cos @20Y,, + \/EXE,E’

¥4, = — w26Xa, — ¥20¥4, — 2G26X, — x1 08 15Xy, — X1 8in @16y, — y2 €08 ©36X,, + x2 5in ©28Yy, + V272V,

6Xd3 =— 30Xy, + w30Yg, — Y2 8In @26Xy, + Y2 €08 @20Y,, + x38in @36X,, + y3 cos @36Y,, + \/EX(}“%,

5Yd3 = —w30Xy, — ¥30Yg, — 2G36X, — x2 €08 ©20Xy, — x28in ©@20Yy, — 3 cos ©36Xy, + x3sin®;0Y,, + 1/2y3 Y[i,"g,

6)‘([14 = — y40Xy, + w40Yq, — }38In O36X 4, + Y3 €08 @30Yy, + x4 Sin O46Xy, + x4 cOs O46Y,y, + 27/4X21‘}4,

¥4, = — w46Xa, — 40Y4, — 2G46X. — x3 €08 @36X, — X3 5in @36y, — x4 €08 O46X s, + x4 5in Os8Yy, + \2y4Y,

6Xd5 =—y56X4 + Ws0Y 4, — x4 SIn O46Xy, + x4 cos Os6Yy, + 275X2}5,

6V, = — ws6Xy, — Y50Ys, — 2G50X, — x4 €08 ©40X,, — x4 5in O48Y,, + \/EY“,“S (S78)
We proceed to rewrite all the equations in (S78) as the following compact form

ii(r) = Ai(r) + N0, (S79)

where we induce the fluctuation operator vector

(1) = [6X,,0Yc,6Xy,,0Ya,, 6Xu,» Yy, Xy, ¥, 6Xa,, 6Yu,, 6Xag, 0Ya, 1", (S80)

the noise operator vector

N@) = V2LVRXE, VRYE X NV N2 X V72V VYaXis, NT3 Y NYaXia VY NYsXis, VysYis]'

(S81)
and the coeflicient matrix
-k A 0 0 0 0 0 0 0 0 0 0
-A -k -2G;, 0 -2G, 0 -2G3 0O -2G4 0O -=-2Gs O
0 0 -y w X+ Xi- 0 0 0 0 0 0
—2G1 0 —W1 Y1 —Xi- X1+ 0 0 0 0 0 0
0 0 —xi+ xi- -Y2 w2 X+ Xo- 0 0 0 0
< -2G, 0 —xi- —xi+ —w2 —Y2 —Xx2- x2+ O 0 0 0
A= , S82
0 0 O 0 -x2+ x2o -¥v3 w3 x3+ x> O 0 (582)
-2G; 0 0 0 x> —x2+ —w3 —-y3 —x3- x3+ 0 0
0 0 0 0 0 0 X3+ X3- —Y4 Wy X4+  X4-
2G4 0 0 0 0 0 —x3- —X3+ —W4 V4 —Xi- Xi+
0 0 0 0 0 0 0 0 X4+ X4- -5 w5
—2G5 0 0 0 0 0 0 0 —X4- —X4+ —W5 —Y5
with yj, = x;sin®; and y;- = y;cos®; for j = 1,---,5. The formal solution of the linearized Langevin equation (S79) is
given by
!
ii(r) = M(9i(0) + f M(z — 5)N(s)ds, (S83)
0

where M(r) = exp(Ar). In the following calculations, we set all the parameters to satisfy the stability conditions, which are
derived based on the Routh-Hurwitz criterion [S16], i.e., the real parts of all the eigenvalues of A are negative.

For studying the quantum entanglement between the optical mode and the vibrational modes in the optomechanical networks,
we focus on calculating the steady-state value of the covariance matrix V, which is defined by the matrix elements

~ 1
Vi = 7 Kllk(c0)iiy(00)) + (i (c0)ig(c0))], (584)
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FIG. S10: Optomechanical entanglement Ey ; between the cavity-field mode ¢ and the jth mechanical mode d; versus the effective driving
detuning A in the DMU (y; = 0, solid curves) and DMB (y;/w,, = 0.1 and ®; = 7, O jep -1 = 0, marked by symbols) regimes for (a) N = 4
and (b) N = 5. Other parameters are the same as those in Fig. S3.

fork,l =1,2,---,12. Under the stability condition, the covariance matrix V fulfills the Lyapunov equation
AV + VAT = -Q, (S85)
where
Q = diag{k, k, 7127 + 1), 71271 + 1),72(272 + 1), 722 + 1), -+, y5(27s + 1), y5(27is + 1)}, (586)
which is defined by
Q=(C+ChHy2, (S87)

where € is the noise correlation matrix, defined by the matrix elements
N()Ni(s") = Crpd(s = 8). (S88)
By using the logarithmic negativity E;, as shown in Eq. (S34), we can quantify the optomechanical entanglement between the

optical mode ¢ and the jth mechanical mode d;.

B. Optomechanical entanglement networks

We generalize our approach to generate the light-vibration entanglement in an optomechanical-network system, where an
optical mode couples to N > 3 mechanical resonators (MRs) via the optomechanical interactions, and the nearest-neighbour
mechanical modes are coupled through the phase-dependent phonon-exchange couplings. We have confirmed that the function of

these phases is governed by the term Zi;i 0, (j =2,---,N), and hence, for convenience, we assume @; = 7w and @ jepp(v—1y] = 0
in our simulations.
We demonstrate that, when the synthetic magnetism is absent (i.e., Hpec = 0), there only a single bright mode B, =

> ?]:1 od;/ VN is induced and (N — 1) dark modes are decoupled from the optical mode, and that owing to the synthetic magnetism
(the DMB mechanism), all the dark modes can be broken by tuning

In this Section, we study the generation of optomechanical entanglement in the optomechanical networks for the cases of
N = 4 and 5. For convenience, we assume that all the mechanical modes have the same resonance frequencies (w; = w;, for
Jj=1,---,N), the optomechanical-coupling strengths (G; = G for j = 1,--- , N), and the mechanical-coupling strengths [y; = x
forj=1,---,(N-1)].

To study the dependence of the light-vibration entanglement on the parameters of the system, we show in Figs. S10(a)
and S10(b) the optomechanical entanglement measure E ; of the optical mode with the jth MR as functions of the driving
detuning A, when the system works in both the DMU and DMB regimes. We reveal that light and all the MRs are separable
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FIG. S11: (a,b) Optomechanical entanglement measure Ey,; versus (a) the phonon-hopping coupling strength y; when the modulation phase
®; = x, and (b) ®; when y;/w,, = 0.1, for N = 4. (c,d) Ey; versus (c) y; when @; = r, and (d) ®; when y;/w,, = 0.1, for N = 5. Here we set
n; = 10, and other parameters are the same as those in Fig. S3.

(Ex,; = 0, see the lower horizontal solid lines) in the DMU regime, but entangled (Ey; > 0, see the upper dashed curves) in
the DMB regime. This is because in the DMU regime, the thermal excitaions concealed in the dark modes cannot be extracted
by the optomechanical cooling channel, and it destroys all the quantum entanglement. However, in the DMB regime, quantum
entanglement can be achieved around the red-sideband resonance (A = w,,), corresponding to the optimal cooling. Physically,
the resulting synthetic magnetism leads to the breaking of all the dark modes, and makes the light-vibration entangled networks
feasible. This indicates that dark-mode-immune entangled networks can be realized by applying the DMB mechanism to the
optomechanical networks.

Since the synthetic magnetism (DMB mechanism) plays a critical role in the generation of the dark-mode-immune
entanglement networks, the dependence of the entanglement networks on the parameters y and ©; of the synthetic magnetism
should be studied in detail. In Fig. S11, we plot the logarithmic negativities Ey; as functions of the mechanical-coupling
strength y and the modulation phase ®; when the system works in the DMB regime. We can see from Figs. S11(a) and S11(c)
that the light-vibration entanglement can be generated by tuning the mechanical coupling y when ®; = &, and that the number
of the entanglement channels is equal to the number of the mechanical modes. This indicates that the entangled light-vibration
networks can be prepared by breaking the dark-mode effect.

In addition, we find from Figs. S11(a) and S11(c) that, in the absence of the synthetic magnetism (i.e., y = 0), there is no
optomechanical entanglement because the system possesses the dark modes and the thermal noise in these dark modes destroys
all the quantum correlations. In contrast to this, when we introduce the synthetic magnetism, light and all the vibrational modes
become strongly entangled owing to the breaking of the dark modes. Moreover, the maximal optomechanical entanglement can
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be observed for y = 0.15w,, when ®; = 7. Physically, the application of the synthetic magnetism provides the physical origin for
breaking the dark-mode effect and generating optomechanical entanglement. These results show a clear perspective for creating
quantum resources against the dark-mode effect.

Moreover, we find from Figs. S11(b) and S11(d) that the optomechanical entanglement is generated in the region 0 < ®; < 2,
and that the maximal entanglement emerges around ®; ~ n. Additionally, light and all the vibrations are disentangled (i.e.,
Ey,j = 0) around ®; =~ 2nr for an integer n, which corresponds to the emergence of the dark-mode effect. Hence it is possible
to flexibly switch the dark-mode immune entanglement on and off on demand by tuning the modulation phase ®;. These
results indicate that dark-mode-immune entangled optomechanical networks can be realized by using the DMB mechanism
to optomechanical networks. Our findings enable constructing large-scale entangled networks and switches with dark-mode
immunity and noise tolerance, and open up a range of exciting opportunities for quantum information processing and quantum
metrology with tolerance against the dark modes.

V. DISCUSSIONS ON THE EXPERIMENTAL REALIZATIONS OF OUR PHYSICAL MODEL

The proposed physical model is general and hence it can be implemented using optomechanical platforms in which the
involved interactions can be realized. To generate both the dark-mode-immune and noise-tolerant entanglement, our model
relies on two kinds of interactions: one is the in-parallel optomechanical interactions between the optical mode and multiple
vibrational modes, and the other type is a phase-dependent phonon-hopping interaction (i.e., the phase in a loop coupling leads
to an effective synthetic magnetism) between a pair of nearest-neighboring vibrational modes. Therefore, the two kinds of
interactions could be implemented in our candidate experimental systems. It should be pointed out that, though until now the
two kinds of couplings have been realized in separate experiments, the implementation of these two kinds of couplings in the
same experimental setup has not been reported yet. Nevertheless, we are positive that the two kinds of interactions can be
implemented in our system under current or near-future experimental conditions. Note that experimental capabilities in this field
have improved enormously over the past decade and will continue to improve enormously over the next decade, allowing vastly
improved experimental possibilities.

Currently, the in-parallel optomechanical couplings have been experimentally implemented in both optical [S23-S25] and
microwave [S2, S5, S26-S29] domains. In the optical domain, the in-parallel optomechanical couplings can be experimentally
implemented using either the “membrane-in-the-middle” optomechanical systems [S23, S24] or the multi-membrane Fabry-
Pérot-cavity optomechanical configurations [S25]. In the microwave domain, one can use a microwave-frequency realization
of cavity optomechanical systems involving multiple micromechanical drum oscillators and a superconducting on-chip circuit
acting as an electromagnetic cavity [S2, S5, S26-S29]. The vibration of the mechanical resonators affect the total capacitance
and thus modulate the frequency of the cavity. This creates the in-parallel optomechanical interactions similar to those between
a cavity mode and multiple resonators in an optical cavity [S2, S5, S26-S29].

The phase-dependent phonon-hopping coupling between the nearest-neighboring mechanical resonators could be
implemented by using either photonic-crystal optomechanical-cavity systems [S10] or circuit electromechanical systems [S2,
S5, S26-S29]. In the photonic-crystal optomechanical-cavity setup, this phonon-hopping coupling can be induced by using two
auxiliary cavity fields (see Sec. V A). In the circuit electromechanical system, this phonon-hopping coupling can be indirectly
induced by coupling the two mechanical resonators to a superconducting charge qubit (see Sec. V B).

Based on the above-mentioned experimental advances in both the in-parallel optomechanical couplings and phase-dependent
phonon-hopping interactions, we propose to implement our physical model using either a photonic-crystal optomechanical-
cavity system [S10] (as shown in Fig. S12) or a circuit electromechanical system (as shown in Fig. S15). Below, we present
detailed discussions on the experimental implementations of our scheme in the above-mentioned two setups. In particular, we
present some parameter analyses and numerical simulations to demonstrate that the proposed phenomena are relevant for the
state-of-the-art experiments based on these two platforms.

A. Experimental realization of the proposed model based on the photonic-crystal optomechanical system

Recently, the synthetic magnetism has been reported in a photonic-crystal optomechanical-cavity setup with both optical and
mechanical couplings between two optomechanical cavities [S10]. Motivated by this experimental advance, we propose to
implement our physical model using this photonic-crystal optomechanical system. Specifically, we present a detailed derivation
of an effective Hamiltonian from the original Hamiltonian based on the photonic-crystal optomechanical-cavity platform. Note
that the validity of the effective Hamiltonian has been confirmed by checking the consistence of the induced physical effects.
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FIG. S12: (a) A proposed implementation of our model and the effective synthetic magnetic field based on a photonic-crystal optomechanical
circuit, which could be fabricated from a silicon-on-insulator microchip, consisting of left and right nanobeam optomechanical-crystal cavities
with a central unpatterned nanobeam waveguide connecting two optomechanical cavities. The left and right optical couplers are each fed by an
adiabatic fiber-to-chip coupler, and they are used for evanescently coupling light into either of the two optical cavities. (b) This optomechanical
circuit can be reduced to a four-mode optomechanical system, where the two optical modes (c and a) are coupled to each other through a
photon-hopping coupling J, and the two vibrational modes (d; and d,) are coupled to each other via a phonon-hopping at a rate V, with J and
V set to be real for an appropriate choice of gauge. (c) By adiabatically eliminating the auxiliary cavity-field mode a in the large-detuning
regime, the model in (b) can be reduced to a three-mode loop-coupled optomechanical system consisting of two coupled mechanical modes (d;
and d,) coupled to a single cavity-field mode (c). Pumping of the optomechanical cavities with phase-correlated lasers results in an effective
synthetic magnetic field.

1. Detailed derivation of the effective Hamiltonian H .z

Based on a four-mode photonic-crystal optomechanical-cavity system, our physical model can be effectively derived
by adiabatically eliminating a single cavity-field mode in the large-detuning regime. Thus, we first consider an original
physical system, where both the optical and mechanical interactions are induced between the two optomechanical cavities [see
Fig. S12(a)], and the Hamiltonian of the system reads

H = wc'c+wa’a+ widld + wrdidy + gec'ed] + dy) + gaa’ a(d] + do) + J(c'a +a'c)
+V(dldy + didy) + (Qece™" + QrcTe ™ty + (Quae™ ' + Qa’e™r), (S89)

where ¢ (¢), a’ (a), and dj (d;) are the creation (annihilation) operators of the two optical modes (with resonance frequencies w,
and w,) and the jth vibrational mode (with resonance frequency w;), respectively. The g. and g, terms describe optomechanical
interactions between the cavity-field mode and the vibratinal modes, with g, and g, being the single-photon optomechanical-
coupling strengths. The J and V terms are, respectively, the photon-hopping and phonon-hopping interactions, while the Q. and
Q, terms describe the cavity-field drivings for the two cavities.

In the rotating frame defined by the unitary transformation operator exp[—i(wL,aaTa + wL,L.cTc)t] under wp, = wr,., the
Hamiltonian in Eq. (S89) becomes

H; = Actc+Aala+ a)ld;fdl + a)zd;dz + gc,lcTc(dI +d)+ gaaTa(d; +d>)
+l(c'a+a'e) + V(didy + didy) + (Qec + Qi) + (Qua + Qla), (S90)

where A=y = wr — wr denotes the cavity-field driving detuning of the kth cavity. By phenomenologically adding the damping
and noise terms into the Heisenberg equations, obtained using the Hamiltonian in Eq. (S90), we obtain the quantum Langevin
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equations for the operators of the optical and mechanical modes:

¢ = —il.c— igcc(d'l}' +dy) - iJa—iQ} — ke + \2KCin,
a = —ilNa-— igaa(d; +dy) —iJc — i€, — Kaa + \2K,Gin,
di = —iwd) —igec'c — iVdy —yidy + \2y1d1in,
dy = —iwydy - igea’a—iVdy — yady + \2y2dan, (S91)

where the operators ¢j, and dj-1 2, are introduced in Eq. S3, and operator aj, is input noise operator for the optical mode a.We
consider the strong-driving regime of the cavity fields, then the average photon number in the cavities can be sufficiently large.
In this case, we can use the linearization procedure to simplify the physical model. To this end, we express the operators in
Eq. (S91) as the sum of their steady-state mean values and quantum fluctuations, namely o = (0)s, + do for operators o = a, a’,
¢, c',d =172, and d}:1,2- We can separate the classical motions from the quantum fluctuations, and then the equations take the
form as:

d Al . . VE
E(c) —(ke + iA) (c) —iJ (a) — iQ,
% (@y = —(k, +iA,){a)y —iJ (c) — i,
d
7 (dy = =y +iw){dr) —ige{c") (c) = iV (da),

d%(éb) = — (72 +iw) (da) — igala’) a) =iV (dy) . (892)

Based on Eq. (S92), the steady-state mean values of the dynamical variables are:

iJ (as + i iJ (Ches + i,

igc<c)r>ss <C>ss +iV <d2>ss igu(‘f)ss <a>ss +iV <d1 >ss
di)y = . (d) = , S93
s -1 +iwr) ) — (2 +iwy) (5%9)

where we introduce the effective driving detuning of the two cavity fields A’C =A.+ gc((df) +{d;)) and A; =A,+ ga((d;) +{(d,)).
The linearized equations of motion for the quantum fluctuations are given by:

8¢ = —(ke +iA)Sc — iG8d] + 8dy) — iJSa + \2KcCins
Sa = —(Ky + iA)6a — iG,(6d] + 8ds) — iJSc + [2Kqtin,

6d, = —(y) +iw)éd) — iG.6¢’ — iG 6¢c — iVédy + \2y1dyin,
8dy = —(yy + iwy) 6dy — iG,0a" — iGi6a — iVEdy + \2y2dyin, (S94)

where the effective optomechanical-coupling strengths between the first (second) mechanical resonator and the cavity-field mode
¢ (a) are, respectively, defined as: G, = g, (c) and G, = g, {a). Based on Eq. (S94), we obtain the linearized Hamiltonian

Hin = A5¢'6c + Ayoa‘sa+ wi16d6dy + wrdd}dds + J(5¢'da + 6a’ 6¢) + V(6d| 6y + 8d}dy)
+(Gei0c" + G2, 50)(6d] + 6dy) + (Gu6a" + Gida)(od) + 8db). (S95)
In the rotating frame with respect to Hy = A.6cdc + A, da’6a + wlédfédl + (1)25d§5d2, the Hamiltonian becomes
H, = J[6¢'6ad® M 4 5a'6ce 2 4 VI5d! 5dye™ " + 5}, 1]
+Go¢t8d! O 1 GoocT 5dy e A 4 GESedd! e A
+G:6c5dle’i(Ai’+“")’ + GaéaTéd;ei(A;“”)t + Ga5aT5d2ei(A:"“’2)’
+Gidadde ) 4 Grsaddye Bt (S96)

To obtain the effective Hamiltonian describing our physical model, we consider the case of A, = w j=1.2, and then the Hamiltonian
in Eq. (S96) can be expressed as

3
Hy = Hy+ ) (he™™ +he), (S97)
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where
Hy = V(6d[6dy + 8d56d)) + (G.oc'od, + Giscsd)), (S98)
and

hy

o = A

Joc'oa + Gioasdl, hy = Giscody, hsy = Gioadds,

—wy, Wy = A/C +w, W3= A; + ws. (S99)

a

In the large-detuning regime of the cavity-field mode a, we can adiabatically eliminate the cavity mode a and then obtain the
effective Hamiltonian [S33]

H,; = H, +Z [hn ] @

, 1 o . Lo 1 P
_ T i(0)—@)t i i(0)—@n)t T i(@0)—@3)t
= H0+&)+ [hl,hl]e 1 +a)—+[hl,h2]€ Bt +(D—+|:h1,h3:|€ 1ms
1,1 2,1 3,1
+ ~£ h;,/’l ] (@~ )t + [//lz,h ] i(@r—n)t + 1 [hl h ] i(@y—3)t
w )
1,2 2 3,2
1 S . O 1 ; P
- [h‘ h ] {@n—ant 4 é’ ) PUCRTZY - [/’lg,h_g] et(wrws)t’ (S100)
‘”1,3 W3 W33

By considering the resonance case (i.e., n = m), and dropping high-frequency components, the Hamiltonian in Eq. (S100)
becomes

| 1 1.
H.~H, + Rl k| + hho |+ — |Al, b, S101
eff 0 a,;l [ 1 1] &,;2[ 2 2] 5);3[ 3 3] ( )
where
1 1(1 1
= - [—+—]|. S102
O 2(@ w,,,) (5102)

By pumping the optomechanical cavities with phase-correlated lasers, the linearized optomechanical-coupling strengths, with
the modulation phases, can be defined as

Ge = Ge1e®, for Gey = gl(c)sls
Ga = gala)sle™. (S103)
We consider the case of @ = ©® and ®, = 0, then the effective Hamiltonian given in Eq. (S101) becomes
~ dw.oc ¢ + 6w 6d]6dy + Swrdd}dds + V(8d!6ds + 6dody)
+(G,1€96¢"8d) + Ge1e795¢6d]) + (Gepde'ddy + G y6c6d)), (S104)
where Swe = =[G > /(A +w1) = J? (A, —w2), 6wy = = |G > (A, +w1), 6wy = =2|Gal* A /(AF—w3), and G p = TG/ (wr—A).
By introducing a rotating operator R(®) = €441 the effective Hamiltonian present in Eq. (S104) becomes
~ Swdct e + 6w 8d!od) + Swrd}od, + V(e®5d!ody + e ®5d}od))
+(Ge,16¢"6d) + Ge15¢8d)) + (G 26c"6d, + G ,6c6d)). (S105)

In the original frame, it is seen that H;ﬂ is transformed to
Her ~ A,5¢'6¢ + w,6d]8d, + w,8dds + V(e®6d[6ds + e©5d}6dy)
+(Ge,16¢'8d) + Ge16¢8d)) + (Gop0¢'6ds + G ,0¢6d)), (S106)

where the effective driving detuning of the cavity mode ¢ and the effective mechanical frequency of the jth mechanical resonator
are defined, respectively, as A; = A.+6w, and a)'j = wj+ow;. Itis shown in Eq. (S106) that the proposed scheme and the synthetic
magnetism can be effectively realized by using current experimental conditions in the photonic-crystal optomechanical-cavity
systems, as shown in Fig. S12.
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2. Optomechanical entanglement in the photonic-crystal optomechanical system

In this section, we calculate optomechanical entanglement in the photonic-crystal optomechanical-cavity system (with it
making the approximations). We also compare these entanglement results with the supposed results (i.e., the entanglement
discussed in our three-mode case). The motivation for this comparison is to confirm that our supposed results can be obtained
in the photonic-crystal optomechanical setup. Specifically, we derive the steady-state variance matrix and adopt the logarithmic
negativity to quantify the optomechanical entanglement in the photonic-crystal optomechanical system. For the present system,
the linearized Langevin equations given in (S94) can be rewritten with the quadrature operators as:

6X. = —k6X, + A.SYe + JSY, +i(G: — Go)6Xy, + 2k X",

§Y, = —A.6X. — k6Ye — J6X, — (Ge + G7) 6Xq, + \26.Y™,

6Xy = —Ka6Xq + A,6Y, + J6Y +i(G: — Gy) 6Xq, + 2kaX™,

§Y, = —A6X, — k0¥, — J6X. — (GE + Go) 6X4, + 26,Y",
0Xa, = —710Xa, + w16Yy + VEYs + 271X,

6Yy = — (G +G2)6X, — i(G; — Go) 6Y. — 16Xy, —y16Yy, — V6Xy, + 201 Y1,
0Xs, = —¥20Xa, + w26Yy, + VEYy + 272X,

5Ys, = —Gy (60X, +i6Y,) — G (60X, — i6Y,) — V6Xy4, — w26Xy, — ¥26Ya, + \272Y 1, (S107)

We proceed to rewrite equations in (S107) as the following compact form
ii(n = Ai(r) + N, (S108)
where we induce the fluctuation operator vector
{i(7) = [6X,,6Yc,0X,,0Y4,6Xy,,0Y 4, 6Xa,, Y417, (S109)
the noise operator vector

N(1) = V2L VR X, VR Y™, VKX, VKV, NIX V7Y, X, VY, (S110)

and the coefficient matrix

’

—Ke +A, 0 J i(G:-G.) 0 0 0
-A, —Ke -J 0 -(G:+G,) 0 0 0
0 J —Kq A, 0 0 i(G:-G,) 0
X -J 0 -A, Ky 0 0 -(G:+G,) ©
A= 0 0 0 0 —Y1 w1 0 \% (Sl ! ])

- (G; + GL) —Z(Gz - GL) 0 0 —W] Y1 -V 0

0 0 0 0 0 4 -2 w,

0 0 —(G: +G,) -i(G;-G,) 4 0 —w) -7

The formal solution of the linearized Langevin equation (S108) is given by
!
ii(r) = M(H)(0) + f M(t — s)N(s)ds, (S112)
0

where M(7) = exp(Ar). In the following calculations, we set all the parameters to satisfy the stability conditions derived using
the Routh-Hurwitz criterion [S16]. This means that the real parts of all the eigenvalues of A are negative.

For studying the quantum entanglement between the optical mode and the vibrational modes in the photonic-crystal
optomechanical-cavity system, we focus on calculating the steady-state value of the covariance matrix V, which is defined
by the matrix elements

~ 1
Vi = 5 [ (c0)ily(00)) + (i (00)i(00)) ], (S113)

for k,I = 1,---,8. Under the stability condition, the covariance matrix V fulfills the Lyapunov equation

AV + VAT = -Q, (S114)
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FIG. S13: Optomechanical entanglement measures E, ; versus the driving detuning A/w,, in the DMU (y = 0, see the lower horizontal lines
and symbols) and DMB (V/w; = 0.1 and ® = 7/2, see the upper curves and symbols) regimes. The curves show our proposed predictions,
while the symbols correspond simulated results, which are obtained based on our suggested experimental system and parameters. Clearly,
an excellent agreement between our proposed predictions and the simulated results is seen. This means that our proposed phenomena can be
realized under current experimental conditions. Here we set A = A and A /w; = 5, and other parameters used are shown in Table. II.

where
Q = diag{Kke, ke, Kas Ko Y1271 + 1, 71Q201 + 1), 7220 + 1), 7227 + 1), (S115)
which is defined by
Q=(C+CNy2, (S116)
where C is the noise correlation matrix, defined by the matrix elements
NoNi(s")) = Crié(s = 5. (S117)

Note that the optomechanical entanglement between the optical mode ¢ and the jth mechanical mode d; can be quantified using
the logarithmic negativity Ey, ;, as shown in Eq. (S34).

Notation Remarks Ref. [S10] Our simutaions
w;/2m Mechanical frequency of the jth resonator 6 GHz 6 GHz
Koy /21 Optical decay rate of the ¢ (a) cavity 1.03 (0.75) GHz 1.03 GHz
8/ 21 Single-photon coupling strength 0.76 (0.84) MHz 0.84 MHz
Neta) Photon number in the ¢ (a) cavity 103 (1.42x10%) 5.1 x10°(1.23x 107)
n' Phonon number in the jth resonator 10 10
Yi@ /27 Mechanical damping rate of the 1% (2) resonator 4.3 (5.9) MHz 1 MHz
J/2n Photon-hopping coupling strength 0.1 ~ 1 GHz< w; 4.8 GHz< w;
V/2r Phonon-hopping coupling strength 3 MHz<x w; 0.6 GHzx w;

TABLE II: Parameters of the photonic-crystal optomechanical-cavity setup reported in the literature [S10] and used in our simulations. The
columns 1 and 2 present the notation and physical meaning of the parameters used, respectively. The parameters in columns 3 and 4 are,
respectively, used in the experimental works [S10] and our numerical simulations.

Next, we show in detail our numerical estimations to evaluate the experimental feasibility of the proposed scheme with
the photonic-crystal optomechanical-cavity systems. To this end, we compare the relevance of the proposed results [based on
Eq. (S1)] and the simulated results [based on Eq. (S106)] by performing numerical estimations. Here, the proposed results
are determined by the three-mode optomechanical model proposed in the main text, while the simulated results are obtained
based on the effective photonic-crystal optomechanical system, which is used to implement our three-mode target model by
adiabatically eliminating one of the cavity modes. In Table II, we listed the experimental parameters used in the photonic-crystal
optomechanical-cavity platform. For comparison, we also present the corresponding parameters of our numerical simulations, as
shown in the right column of Table II. Note that this reported experiment focuses only on the realization of the nonreciprocity of
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FIG. S14: Optomechanical entanglement measures Ey ; as functions of the modulation phase ®, where A=A=w ;. The solid curves are our
proposed predictions, while the symbols represent the simulated results. The excellent agreement between the proposed and simulated results
indicates that the proposed phenomena are relevant for the state-of-the-art experiments. Here A'a /w; =5, and other parameters used are shown
in Table. II.

weak optical signals [S10], and therefore, it requires that the effective optomechanical coulings G ;, the photon-hopping coupling
J, and phonon-hopping coupling V are much smaller than the mechanical resonance frequencies (i.e., small intracavity photon
numbers nqq = 10° (1.42 x 10°), J/27 ~ 0.1 ~ 1 GHz < w}, and V/21 ~ 3 MHz < w,). However, to generate a robust dark-
mode-immune and noise-tolerant entanglement, we need to enhance the optomechanical, photon-hopping, and phonon-hopping
couplings. Therefore, we here have assumed the experimental achievable situations: n.) = 5.1 x 10° (1.23 x 107), J/27 = 4.8
GHz< wj, and V/2n = 0.6 GHz< w;. In addition, a single auxiliary cavity should be in the large-detuning regime A, > w s
such that this cavity-field mode can be adiabatically eliminated.

Based on both the proposed predictions and the simulated results, we display in Figs. S13(a) and S13(b) the optomechanical
entanglement measures Ex ; as functions of the driving detuning A of the cavity mode ¢, when the system operates in both
the DMU and DMB regimes. Clearly, Figure S13 shows an excellent agreement between the proposed (curves) and simulated
(symbols) results. Moreover, we find that in the numerical simulations based on both the proposed predictions and the simulated
results, the optical mode and the mechanical modes are separable in the DMU regime (Ey,; = 0, see the lower horizontal lines
and symbols), but they are entangled in the DMB regime [Ex,; > 0, see the upper curves and symbols]. These results indicate
that our proposed phenomena are relevant for the state-of-the-art experiments.

To further show the dependence of the optomechanical entanglement on the synthetic magnetism, in Figs. S14(a) and S14(b),
we plot the entanglement measures Ex ; as functions of the modulation phase @ by using both the proposed and simulated
results. Here, the solid curves are plotted using the proposed results, while the symbols are based on the simulated results. We
have shown that our proposed results and the simulated results are matched well with each other. In particular, we find that in
the numerical simulations using both the proposed predictions and the simulated results, a multimode quantum device can be
flexibly switched between separable and entangled states by tuning the modulation phase ®. These numerical simulations imply
that our physical model and the proposed phenomena can be effectively implemented under current experimental conditions in
the photonic-crystal optomechanical-cavity systems.

B. Experimental realization of the proposed model based on the circuit electromechanical system

In this subsection, we propose another experimental implementation of the proposed physical model using the circuit
electromechanical system [S2, S5, S26-S29], which consists of N micromechanical resonators (MRs) d-;..x and a microwave
cavity described by the equivalent inductance L and capacitance C, as shown in Fig. S15(a). Specifically, the displacement
Xj=1..y of each MR independently modulates the total capacitance through Cj-..y(x;), and therefore the resonance frequency
of the cavity w.. This leads to inducing the electromechanical coupling, which is described by gj-1..y = (w./2C)AC;(x;)/0x;.
Meanwhile, an effective phase-dependent phonon-hopping interaction (i.e., the phase in a loop coupling induces an effective
synthetic magnetism) between the nearest-neighboring MRs can be introduced by coupling them to a superconducting charge
qubit, as shown in Fig. S15(b). The detailed derivation of an effective phase-dependent phonon-hopping coupling between the
nearest-neighboring MRs is presented below.

In Fig. S15(b), a superconducting charge qubit is coupled to the two MRs. In this circuit, a Josephson junction (with
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FIG. S15: (a) Schematics of a circuit electromechanical system consisting of a microwave cavity represented by (N + 1) capacitances [C
and Cj_;.n(x;)] and an inductance (L). The jth capacitance C..y(x;) depends on the jth micromechanical resonator (MR) d;. The
displacement x; of each MR modulates the total capacitance and hence the cavity frequency w.. The phase-dependent phonon-hopping
interaction X(eiedfdz + e”@d;dl) between the nearest-neighboring MRs is generated via a superconducting circuit shown in panel (b). (b)
Schematics of the superconducting quantum circuit: A Josephson junction with Josephson energy E; and capacitance C; is connected to three
gate voltages V- ,3(f) through the corresponding gate capacitances Cj—;»(x;) and C3. Two MRs are coupled to the superconducting charge
qubit through the gate capacitances C;; »(x;). The gate voltages are properly designed such that a phase-dependent phonon-hopping interaction
between the two MRs can be induced. The phases drop across these capacitors and the Josephson junction, and they are marked as ¢; and
¢, respectively. (c) Energy levels and relevant resonance frequencies of this coupled qubit-resonator system. The two mechanical resonators
with resonance frequency w,, are phase-dependently coupled to the superconducting charge qubit with energy separation wy. Through the gate
capacitors, we apply ac gate voltages (with frequency w,) to the qubit.

capacitance C; and Josephson energy E;) is connected to three gate voltages V-1 3(¢) via the corresponding gate capacitances
Cj=12(x;) and C3, in which the two gate capacitors with capacitances C;-;»(x;) are formed by one MR and one fixed plate, and
the third capacitor has a constant capacitance. We denote the phase drops across these capacitors and the Josephson junction as
¢; and ¢, respectively. In this circuit, the total kinetic energy, which is stored in these capacitors [S30], is written as

1 1 N
T=C + > S it + 5C307, (S118)
j=12

where @ and ®;_; 3 denote the generalized magnetic fluxes, which are associated with the phase drops ¢ and ¢; across the
Josephson junction and the capacitances Cj, respectively. We define the relation between the phase drop and the generalized
magnetic flux as ¢ ;-1 53 = 27n®;/ Dy, with Qg being the magnetic flux quanta. The Josephson energy is identified as the potential

energy, which takes the form as U = —E cos (i—’;d)) [S30], with E, being the Josephson energy of this junction.
By using these voltages relations in these loops, the relations can be expressed as V;(¢) + 0} i+ ® =0, for j=1,2,3, and then
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we obtain the Lagrangian of this system:

L=T- Z SCIDVFD + C3V2 (z)+ DG+ G+ Cy |
=12 Jj=12
2n
Z Ci(xp)Vi(t) + C3V3 (1) b+ E; cos(—(l)) (S119)
=12
By introducing the momentum canonically conjugate to @, we obatin P = g—g = [Z =12C j(xj)Vj(t)+C3V3(t)] +

[Zj:I,Z Ci(x))+Cz + CJ] &, and then the Hamiltonian of this circuit is derived as [S30]

4¢2

1
H= -—"¢%
2 Cs (x1, x2)

Z Ci(xpVAD) + C3VE (1),

j=12

(S120)

[ — g (xl,xz,t)] —E]cos(%q))_ Z

where the gate capacitance Cx (x1, x2), the Cooper-pair number 7, and the gate Cooper-pair number 7, are, respectively, defined
by

Cs(x1,x3) = Z Cj()Cj) +C3+Cy, P=2en, and ng(xl,xz,t) = — (S121)

j=12

Z Cx)ViD) + CsV3 ().

Jj=12

We below perform the quantization of this circuit by introducing the phase operator ¢ and the number operator 7, and then, the
Hamiltonian in the eigenrepresentation of the number operator can be expressed as

1
H = —Z n—ng(erx.0)] |n><n|——Z(|n><n+1|+|n+1><n|)——

S122
2 Cs(x1,x2) — ¢ )

Z CixpVA(D) + C3V2 (1)

Jj=12

Here, we assume that this circuit works in the charge qubit regime Ec > E;, with Ec = 4e?/Cy being the Coulomb energy.
In addition, the gate charge in the vicinity of 1/2 is chosen, such that the states |0) and |1) have almost degenerate energies. In
this case, other states have higher energies, and thus, they can be safely ignored in the our discussions. Then, the Hamiltonian in
Eq. (S122) becomes

1 4¢?

T 2Cs (x1,x0)

2 2
g (i1, 22,0 10) 01+ [ 1= g Gz, 1) 1)

——(|0><1| |1><0|)—— (S123)

Z CixpVAD) + C3 V()|

Jj=12

We introduce the Pauli operators o, = |0) (O] —|1) (1| and |0) (O] +|1) (1| = I, and the Hamiltonian in Eq. (S123) can be expressed
as

1 4e? 1 E;
H=_ - , 2,1 - =+ M, S124
2Cs (x1, %2) [ng(XI x2.0) = 2]0— 2 7T ( )
where
wel |, [1-2n,( 1) + 2 ( n]- ZC( V3t + C3V3 (1) (S125)
= - n, (x1,x2, 1 (x1, X2, X
4 Cs (x1, x2) g b2 . J 3

denotes the ac voltage driving term on the two MRs. We consider the case where the voltage drivings are far-off-resonance to the
two mechanical vibrations, i.e., the driving frequencies of the two voltages are much smaller than the resonance frequencies of
the two MRs. In this case, the term M can be safely discarded in our following discussions. Below, we assume that the distances
between the fixed plate and the rest MR of the capacitors are much larger than the vibration amplitudes of the MRs, and thus,
we can approximately express the capacitances as

X;
Cj ()Cj;[)z) =~ Cj()(l - —]), (8126)
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where the parameters /; and C g are, respectively, the rest distances between the fixed plate and the MRs in these gate capacitors
and the capacitances of the gate capacitors when the MRs are rest. In addition, for our purpose we also choose the gate voltages:

Vi=12 () = Vjpcos (wjt + (,Dj) and V3 (1) = (e — C1oV1(t) — C0V2(2))/C5. In this case, we can easily obtain the following relation:

1 C_'()V'() Xj
ng (x1,x2,1) = 5~ ,;2 #l—j/ cos (w_,-t + gpj). (S127)

We perform the rotation for the qubit o, — 7, and —0, — 7., and the Hamiltonian upto the first order of the mechanical
displacements x; and x, can be obtained as

E;  Ec CjoVijo x;
Hi~ 5= = ;2 e T (wjt +¢))| 7 (S128)
where Ec = 4¢*/Csp under Cs (x1,x) =~ (Ci9+ Cap+Cy;) = Cso. Note that the mechanical displacement terms in

Cs (x1, x2) only introduce the second-order terms of x;-1»/!;, which have been neglected in our considerations. By including
the free Hamiltonian of the two mechanical resonators and using the relations xj-1» = Vi/Q2mw,)(d; + d;) and pj_1p =

—i Vimw,, [2(d; - dj,), the total Hamiltonian of this circuit system becomes

H; ~ w, Z d}dj + 707': - {Z gjd;+ d})(e’(wdt+90j) + e—l((t)d[‘ﬂoj)):' (ts +7), (S129)
j=1,2 Jj=12
where we consider the case of w; = w; = wy, and then we define the parameters: g; = E—CM@ and wy = E; with
J 472 7

xjo = Vh/(2mw,,) being the zero-point fluctuation of the jth MR. To analyze the physical processes in this system, we now
work in the rotating frame with respect to Ho = wp X j=12 d}d ; + 57, then we can obtain

Vi(t) = ~g (T+dfez(mo+mm+wd)teup1 + dlT_eft(woererwd)tefup]) _ g2(T+d’2fez(wo+wm+wd)teupz + dzT_efz(w0+wm+m(1)tefupz)
_gl(T+d1fel(wo+wm—wd)te—wl + dlTie—t(wo+wm—wd)telwl) _ gz(.hrd;‘el(wo+wm—w4)te—t«pz + dz.[.ie—l(wo+wm—wd)fewz)
—g1(14 dlel(wo_wrr1+wd)lel¢l + dif.,._ e—l(wo—wm+wd)te—up|) - g)(Ted> o Womwntwt g | d;T_ e_l(NO_wm+w¢/)te_l¢2)

_gl(T+dlei(wn—wm—wd)fe—itpl + d—li-T_e_i(w(]_wnz_wd)tehp]) _ g2(T+dzei(w0_wm_wd)te_i¢2 + d;T_e_i(wn_w”’_wd)teiwz). (S130)

This system has eight physical processes determined by the four detunings wg + w,, = w, and Wy — Wy, + w,. From the viewpoint
of the MRs and the qubit, the terms wy — w,, + W, and wy + w,, = Wy are, respectively, the corotating terms and the counterrotating
terms. Here, our aim of the introduction of the ac voltages V;(¢) and V,(¢) is that we can pick up the phase-sensitive interactions
between the MRs and the charge qubit. To this end, the ac voltages with the frequency w, is chosen for picking up the terms
with wy — wy, — wy, 1.e., the parameters satisfy the following conditions:

Wy + Wy + Wy >> Wy — Wy + Wy > Wy — Wy — Wy (S131)

We find that the terms (with wy + w,, + wg and wy — w,, + wy) are far-off resonant, and that the terms (with wy — w,, — wy) are
the target terms, which work in the large-detuning regime. The energy levels and these involved resonance frequencies of this
coupled qubit-resonator system are shown in Fig. S15(c). In this case, the qubit-resonator interactions work in the large-detuning
regime: A > g1 +/it;, with n; being the maximal excitation number in the jth vibration. Then, the phase-dependent photon-
hopping interaction between the two MRs can be obtained, and this effective phase is the difference between the two phases ¢,
and ¢,, which are associated with the qubit-resonator couplings. An approximate Hamiltonian, based on the above analyses, can
be obtained as

Vi) ~ - [T+ (g1d1 e 4 gzdze_i"’z) &My (gldjei‘/" + gzd;ei"’z)‘r_e_im] , (S132)

where A = wy — w,, — wy. By going back to the Schrodinger representation, we can eliminate the time factor, and then write the
Hamiltonian of the system as

H.g = wp, Z dj.dj + Yo~ ; @a T, — Ty (gldle_i“" + gzdge_i“"2) -1 (gldIei""‘ + gzd;ei“"z). (S133)
j=12

In this work, we consider the case where the physical process associated with the detuning A works in the large detuning regime.
As a result, the qubit coherence in the physical processes can be adiabatically eliminated, and then, we can obtain an effective
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Notation Remarks Ref. [S26] Our simutaions
wi)/2n Mechanical frequency of the 1% (2"9) resonator 10 (11.3) MHz 10 MHz
K/2m Cavity-field decay rate 1.38 MHz 2 MHz
G Effective optomechanical-coupling strength 0.1 ~ 0.5 MHz 2 MHz
”t&z) Phonon number in the 1% (2°¢) resonator 41 (30) 100
Y12y/2n Mechanical damping rate of the 1% (2") resonator 106 (144) Hz 100 Hz
X/2n Phonon-hopping coupling strength no coupling 1 MHz<x w(

TABLE III: Parameters of a circuit electromechanical system reported in the literature [S26] and used in our simulations. The columns 1 and 2
present the notation and physical meaning of the used parameters, respectively. The parameters in columns 3 and 4 are used in the experimental
work [S26] and our numerical simulations, respectively.

phonon-hopping coupling between the two MRs by performing the second-order perturbation. By using the method of the
Frohlich-Nakajima transformation [S31, S32], we can derive an effective Hamiltonian to describe the interactions. For this
purpose, the effective Hamiltonian Het = Hy + H; can be expressed as:
- (4)0 _U)d . - i i ion
Hy = wy, Z didj+ =——t., H=-1, (1d1e7 + gadre™) = 1_(g1d] €' + gad}e®). (S134)
j=12
Furthermore, we introduce the operator § = 17, (gldle‘w1 + gzdze‘wz) - (gldIeiS"l + gzd;ewz) 7_, determined by the equation
H; + [Hy,S] = 0. This equation means that the first-order physical process is eliminated. An effective Hamiltonian describing
the second-order physical interaction can then be obtained as

2 2
, 1 ro Fo00 , i o), W0~ Wd (gl " gz)
Hig = Ho + 5 [H,S] = ,-; 2wmdjdj +x (d]d2e® + djdre™™®) + ST LT (S135)

2
where w,, = (W, + gK/TZ), X = %Tz, and ® = ¢; — ¢,. The above Hamiltonian shows that there is no transition in the qubit

states, and that a conditional phase-dependent interaction between the two mechanical resonators is introduced. By assuming
that the qubit is initial in its ground state |g) (7.|g) = —|g)), we can obtain a phase-dependent phonon-hopping interaction (i.e.,
the phase in a loop coupling leads to a synthetic magnetism).

To demonstrate that the proposed phenomena are relevant for the state-of-the-art experiments based on the circuit
electromechanical system (see Fig. S15), we present both the parameters reported in experiments and the parameters used
in our numerical simulations, as shown in Table III. Note that all the simulations presented in the main text are based
on these parameters (see Table III) related to the circuit electromechanical system. In these simulations, though we did
not use the exact experimental parameters, all the used parameters are of the same order of magnitude of the reported
parameters [S2, S5, S26, S27], and our used parameters are also often set in previous works [S1]. From the viewpoint
of the experimental implementation, all the elements, except the phase-dependent phonon-hopping interaction, have been
realized in experiments [S2, S5, S26, S27]. Therefore, a theoretical scheme for realizing the phase-dependent phonon-hopping
interaction (i.e., the phase in a loop coupling leads to an effective synthetic magnetism) has been presented using the circuit
electromechanical system in Sec. V B. These analyses indicate that the present scheme is experimentally accessible under
current experimental conditions, and that the proposed phenomena can be observed in the state-of-the-art experiments based
on the circuit electromechanical system.
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