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Abstract The chameleon scalar field is a matter-coupled
dark energy candidate with the screening mechanisms. In the
present paper,we propose a quantum cavity optomechanical
scheme to detect the possible signature of chameleons via the
optical pump-probe spectroscopy. Compare to the previous
experiment the sensitivity can be improved by the using of
electrostatic shield and a pump-probe scheme to read the
weak frequency splitting. We expect that this work will be a
useful addition to the current literature on proposals to detect
effects of dark energy.

1 Introduction

The nature of dark energy is a central mystery in cosmol-
ogy, one possibility is that it consists of the scalar fields
which may drive the acceleration of the expansion of the
universe directly. This new light degrees of freedom will
couple to matter fields and leads to long-range fifth forces
[1]. But this new forces have not yet been detected on earth
or in the solar system [2,3]. One way to alleviate this tension
between theory and observation is through the introduction
of screening mechanisms. The archetype of this screening
mechanism is the chameleon model [4–6] which proposes
that the coupling to matter depends on the local environ-
mental matter density. In dense regions, such as in the lab-
oratory, the coupling is very small, and the resulting force
mediated by the chameleon is short ranged, shielding the
chameleon interaction from detection. In regions of low den-
sity, such as in space, the coupling can be much stronger,
and the resulting force mediated by the chameleon is long
ranged. In a laboratory vacuum, the extremely low density
ensures that sufficiently small objects are not screened from
the scalar field and thus the force arising from the dark energy
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scalar could become significantly stronger. There have been a
number of ways for probing the chameleon screening mech-
anism in the laboratory proposed or implemented in high
vacuum, which have made efforts to derive new limits on the
chameleon parameters. These include torsion-balance exper-
iments [7,8], gravity resonance spectroscopy [9,10]. Recent
searches using microscopic test masses such as atom, neutron
[11–16] and the levitated microspheres [17] often provide the
strongest constraints.

On the other hand, optomechanical coupling between
the electromagnetic degrees of freedom and the mechanical
motion of mesoscopic objects are promising approaches for
studying the transition of a macroscopic degree of freedom
from the classical to the quantum regime [18]. These sys-
tems can also be of considerable technological for improved
measurements of displacements [19], forces [20] and masses
[21]. Recently, the optical pump-probe technique has become
a popular topic, which affords an effective way to investi-
gate the light-matter interaction. Most recently, this optical
pump-probe scheme has also been realized experimentally
in cavity optomechanical systems [22–24]. Several phenom-
ena have been demonstrated in different kinds of optome-
chanical systems based on the optical pump-probe technol-
ogy such as optomechanically induced transparency [25], the
large change in light velocity [26], optically-tunable delay
[27], and light storage [28]. The mechanism underlying these
effects can be explained as the four-wave mixing (FWM)
process. The optical pump-probe technology uses a strong
pump laser to stimulate the system to generate coherent opti-
cal effect while used the weak laser for probing. This method
is of great interest for applications in nonlinear optical mea-
surement within the cavity optomechanical system.

In this paper, we present a novel proposal to probe dark
energy in an all-optical domain based on double levitated
microparticles coupled to the cavity. We focus on chameleon
scalar field theories, though our methods and results can be
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Fig. 1 Schematic diagram for probing the CIC. The vacuum cavity is
driven by a strong pump pulse and a weak probe pulse. The optical
levitated Silica microspheres with radii of 3 µm are separated by the
distance of 80µm form their mass centers. A shield membrane is placed
between them to minimize the electromagnetic background forces

generalized to other theories with screening mechanisms.
The remainder of the paper is organized as follows. Sec-
tion 2 describes the theoretical model. Section 3 gives dis-
cussions about the measurement mechanism: (1) once the
chameleons appear in the vacuum cavity, the probe spectrum
will present an asymmetric splitting, which strongly reveals
the chameleon induced coupling (CIC), namely, a signal
indicative of the dark energy; (2) with optical optomechani-
cal system, very tiny splitting in mechanical frequency could
be readout optically. At last we derive new constraints on the
chameleon parameters from existing experiments. Section 4
studies the background forces and limits in measurement.
We suggest effective methods to eliminate the electrostatic
force background and then check the frequency stability for
thermomechanical noise. The last section contains the sum-
mary of the main results of the present work. The proposed
scheme can be used to rule out large regions of the chameleon
parameter space and to detect the fifth force due to the dark
energy field in the laboratory.

2 Theory framework

We consider the two microspheres are placed inside a vacuum
cavity consisting of two fixed mirrors. As shown in Fig. 1, the
approach is based on optically trapping a microsphere with
low natural mechanical frequency in the anti-node of an opti-
cal standing wave. The dielectric microsphere is attracted to
the anti-node of the field. The resulting gradient in the optical
field provides a sufficiently deep optical potential well which
allows the particle to be confined in a number of possible trap-
ping sites, with precise localization due to the optical standing
wave [29–32]. We use the two spheres with the same radius
Ri , density ρi , and mass Mi (i = 1, 2). A shield membrane
is placed between the sphere A and sphere B to minimize the
electrostatic and Casimir background forces by preventing
direct ac coupling between the masses. We use a silicon die

which is etched into a frame bearing a 1 µm thick membrane
of silicon nitride across an area of ∼ 1 mm2. The entire shield
wafer die, including the membrane, is coated with gold on
both sides, Because of the geometry and the tensile stress
in the membrane [33], the membrane is expected to be suf-
ficiently stiff. Previous experimental works have been suc-
cessful at testing gravity at ultrashort distances by use of the
Faraday shield [34,35], and similar techniques may work for
the setup proposed here. Thus the experiment’s force noise is
presently induced by the electromagnetic interaction between
the shield and the microspheres as we will discuss at last. The
shield separates the left side of the cavity from the right side.
In our model, the left cavity modes are strongly driven by
the pump and probe pulses. Since the shielding membrane
is apparently fully reflecting, we don’t pump the right cavity
which only provides the optical trapping of the sphere B.

In what follows we focus on an one-dimensional (1D)
model. The Hamiltonian of the left cavity mode is h̄ωcâ+â,
here â is the annihilation operator for the cavity (frequency
ωc, damping rate κ). The trapped microspheres are treated as
quantum-mechanical harmonic oscillators and their Hamil-
tonian can be regarded as h̄ω1ô

+
A ôA and h̄ω2ô

+
B ôB , respec-

tively. Here ôA and ôB are the annihilation operators of the
two mechanical modes. We use ωi and γi to denote their
intrinsic frequencies and mechanical damping rates respec-
tively. The simultaneous presence of a pump pulse and a
probe pulse generates a radiation pressure force at the beat
frequency, which drives the motion of the oscillator near its
resonance frequency. The Hamiltonian of the interaction of
the dielectric objects with the cavity fields is provided by
optomechanical coupling h̄gâ+â(ô+

A + ôA) [32], where g
is the optomechanical coupling rate. Therefore the Hamilto-
nian of the system, in a frame rotating with the input laser
frequency, is then given by

H = h̄�puâ
+â + h̄ω1ô

+
A ôA + h̄ω2ô

+
B ôB + h̄gâ+â(ô+

A + ôA)

− i h̄�p(â − â+) − i h̄�pr (âe
iδt − â+e−iδt ) + Hint ,

(1)

where �pu = ωc − ωp is pump-cavity detuning, δ = ωpr −
ωp is the pump-probe detuning. We also introduce the Rabi
frequency of the pump field and the probe field inside the cav-
ity �p = √

2Ppκ/h̄ωpand �pr = √
2Pprκ/h̄ωpr , where Pp

is the pump power, Ppr is the power of the probe field, respec-
tively. Hint denotes the chameleon potential energy between
the two levitated microspheres as we will discuss below.

A chameleon scalar field [4] is characterized by an effec-
tive potential density Vef f (φ) = V (φ) + A(φ)ρi .The self-
interaction V (φ) = 
4+nφ−n is characterized by strength of
the self interaction 
. The chameleons can drive the cosmic
acceleration observed today if 
 is close to the cosmological-
constant scale, 
 � 2.4 meV. The coupling function to
matter A(φ) = eφ/M is characterized by an energy scale
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M , which is expected to be below the Planck mass. The
chameleon profile due to an arbitrary static distribution of
matter can be obtained by solving the non-linear Poisson
equation ∇2φ = ∂Vef f /∂φ.

For large global objects, the chameleon field with distance
r > Ri from the center is to a good approximation entirely
determined by the contribution from infinitesimal volume
elements lying within a thin shell of thickness �Ri . In that
case, the object is said to be screened. For small objects, in the
sense that �Ri/Ri > 1, do not have a thin shell. Thus, their
entire volume contributes to the field outside and the object
is said to be unscreened. According Ref. [4], the exterior
solution for a compact object is given by

φ(r) = − Mi

4πMr
e−r/Rvac + φvac if

�Ri

Ri
> 1, (2)

φ(r) = − Mi

4πMr

3�Ri

Ri
e−r/Rvac + φvac if

�Ri

Ri
� 1. (3)

The shell thickness can be defined as �Ri = Mφvac/ρi Ri .
φvac is the background value of φ inside the vacuum cavity,
which has the form φvac = ζ [n(n + 1)
4+n R2

vac]1/(n+2),
where Rvac equals to the radius of the cavity mirrors. The pro-
portionality constant ζ is determined by numerically solving
the equation of motion in the vacuum chamber. In Ref. [16],
it was found that ζ is largely sensitive to the assumed cham-
ber geometry. Specifically, for n = 1 and the dark energy
value 
 = 2.4 meV, one finds ζ = 0.68 for a cylinder cav-
ity. Dropping the irrelevant constant in the Eqs. (2) and (3),
the resulting potential energy is

V (r) = −λ2
i

M2
i

4πM2

e−r/Rvac

r
, (4)

with

λi =
{

1 screened

3Mφvac/ρi R2
i unscreened.

The separation distance can be regarded as r = r0 + x1 − x2,
where x1,2 denote the displacements of mechanical oscil-
lators from their equilibrium positions, r0 denotes the dis-
tance between the equilibrium positions. In our scheme the
two levitated microspheres are separated by a distance of
r0 = 80 µm, corresponding to the dark energy scale of

 = 2.4 meV. Expanding Eq. (4) in the condition of
|x1| , |x2| � r0 and working to the lowest order, we can
obtain the term of chameleon potential as

V (r) ≈ −λ2
i M

2
i

4πM2

[
1

r0
− x1 − x2

r2
0

+ (x1 − x2)
2

r3
0

− · · ·
]

·
[

1 − r

Rvac
+ · · ·

]
. (5)

The first term is constant. The second term represents a
steady force does not affect the interactional dynamics. The

term proportional to x1x2 represents the lowest-order cou-
pling between the microspheres’ motions. At the distances
of interest here, r/Rvac � 1. In the regime of ωc, ωi � g
the Hamiltonian of gravitational interaction can be obtained
by quantizing mechanical oscillators within rotating wave
approximation [36]

Hint = −λ2
i

M2
i

2πM2r3
0

→
x1

→
x2 ≈ h̄�(ô+

A ôB + ôAô
+
B ), (6)

and

� = − λ2
i

2π

M2
i

M2

1

r3
0

√
M2

i

√
ω2
i

= − λ2
i

2πωi r3
0

Mi

M2 . (7)

The coefficient � can be defined as the chameleon induced
coupling (CIC) strength which reveals the chameleonic inter-
action between the two coupled oscillators.

Substituting Eqs. (6) and (7) into Eq. (1), we define the
operator sA,B = ô+

A,B + ôA,B and deal with the mean
response of the system to the probe field in the presence
of the coupling. Let 〈â〉, 〈â+〉 and 〈sA,B〉 be the expectation
values of operators â, â+ and sA,B , respectively. According
to the Heisenberg equation of motion and the commutation
relations [â, â+] = 1, [ô, ô+] = 1, the temporal evolutions
of â and sA,B can be obtained and the corresponding equa-
tions are given by adding the damping terms

d〈â〉
dt

= −(i�pu + κ)〈â〉 + ig〈SA〉〈â〉
+ �p + �pr e

−iδt ,

(8)

d2 〈sA〉
dt2

+ γ1
d 〈sA〉
dt

+ (ω2
1 + �2) 〈sA〉 − �(ω1 + ω2) 〈sB〉

= 2gω1
〈
â+〉 〈

â
〉
, (9)

d2 〈sB〉
dt2

+ γ2
d 〈sB〉
dt

+ (ω2
2 + �2) 〈sB〉 − �(ω1 + ω2) 〈sB〉

= −2g�〈â+〉〈â〉. (10)

To solve these equations, we make the ansatz as follows:
〈
â(t)

〉 = a0 + a+e−iδt + a−eiδt , (11)

〈sA(t)〉 = sA0 + sA+e−iδt + sA−eiδt , (12)

〈sB(t)〉 = sB0 + sB+e−iδt + sB−eiδt . (13)

Substituting Eqs. (11)–(13) into Eqs. (8)–(10), respectively,
equating terms with the same time dependence, and working
to the lowest order in �pr but to all orders in �p, we can
obtain

a0 = �p

i�pu + κ − iδ − igsA0
, (14)

a+ = �pr + ia0gsA+
i�pu + κ − iδ − igsA0

, (15)

a− = ia0gsA−
i�pu + κ + iδ − igsA0

, (16)
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and

(ω2
1 + �2)sA0 − �(ω1 + ω2)sB0 = 2gω1a

2
0, (17)

sA+ = �(ω1 + ω2)sB+ + 2gω1(a∗
0a+ + a0a∗−)

−δ2 − iγ1δ + ω2
1 + �2

, (18)

sA− = �(ω1 + ω2)sB− + 2gω1(a∗
0a− + a0a∗+)

−δ2 + iγ1δ + ω2
1 + �2

, (19)

(ω2
2 + �2)sB0 − �(ω1 + ω2)sA0 = −2g�a2

0, (20)

sB+ = �(ω1 + ω2)sA+ − 2g�(a∗
0a+ + a0a∗−)

−δ2 − iγ2δ + ω2
2 + �2

, (21)

sB− = �(ω1 + ω2)sA− − 2g�(a∗
0a− + a0a∗+)

−δ2 + iγ2δ + ω2
2 + �2

. (22)

Solving Eqs. (14)–(22), we obtain in the steady state,

a+ = �pr
Z(� − χ) +Uω0

Z(�2 − χ2) + 2χUω0
, (23)

and the population ω0 can be resolved by

�2
pu = [κ2 + (�pu − gSA0)

2]ω0, (24)

with � = κ−iδ, χ = i�pu−igsA0, Y j = −δ2−iγiδ+ω2
i +

�2(i = 1, 2), Z = Y1Y2 −�2(ω1 +ω2)
2, U = 2ig2ω1Y2 −

2ig2�2(ω1 + ω2) and sA0, sB0 can be resolved by

(ω2
1 + �2)sA0 − �(ω1 + ω2)sB0 = 2gω1ω0, (25)

(ω2
2 + �2)sB0 − �(ω1 + ω2)sA0 = −2g�ω0. (26)

The transmission of the probe beam, defined as the ratio of
the output and input field amplitudes at the probe frequency
is then given by [18]

t (ωpr ) = �pr/
√

2κ − √
2κa+

�pr/
√

2κ
= 1 − 2κa+/�pr . (27)

3 Forecasts and constraints

To illustrate the experimental feasibility of the proposal, we
will choose a set of experimental parameters.

(1) Dielectric object. We assume microspheres fabricated
from fused silica with a radius Ri = 3 µm, density ρi =
2.3 g/cm3, and a dielectric constant ε = 2. (2) Cavity. We
assume a low-finesse cylinder cavity of length L = 10 cm,
the radius of mirrors Rvac = 5 cm, and finesse Fc = 10
leading to a cavity decay rate κ = cπ/2FcL = 5 × 108 Hz.
Then we obtain the standard optomechanical coupling rate
g ≈ 0.25 Hz with waist of the trapping field W = 120 µm
[37]. (3) Lasers. The cavity is impinged by a pump pulse of
power Pp = �2

ph̄ωc/2κ = 3×10−5 W with wavelength λ =
1064 nm, and we scan the probe frequency across the pump
frequency in the spectrum. We assume the probe pulse of
power Ppr = 10−7 W and the pulse frequency ∼ ωi (105 Hz).

Taking a standing wave with wave number σ , to lowest
order near an antinode the potential corresponds to a har-
monic oscillator with mechanical frequency [32]

ωi =
(

6σ 2 I0
ρi c

Re
ε − 1

ε + 2

)1/2

. (28)

Here I0 is the intracavity field intensity. Then we get ωi =
100 kHz with I0 = 10−2 W/µm2. In high vacuum, the domi-
nant noise forces acting on the levitated sphere are collisions
with the air molecules, thus the mechanical damping rate
one would get for the optical trapping is solely depend on
the properties of the background gas [38],

γi = 3P

Riρiν
. (29)

Here ν = √
kBT/mgas is the thermal velocity of the gas

molecules, P the gas pressure.
The lower pressure limit of sputter-ion pumps is in the

range of 10−11 mbar. Lower pressures in the range of
10−12 mbar can only be achieved when the sputter-ion pump
works in a combination with other pumping methods. Well
established are the combinations of a sputter-ion pump with a
titanium sublimation pump (TSP) or a non-evaporable getter
module (NEG). An ultimate pressure of about 2×10−12 Torr
was achieved inside 12 m long chambers made of Al alloy and
pumped by a linear non-evaporable getter (NEG) strip and a
sputter-ion pump of about 50 l s−1 nominal speed [39]. This
pressure could be further reduced to about 5×10−13 Torr by
increasing the pumping speed for Ar and CH4, not pumped
by getters, with the addition of five more sputter-ion pumps
of the same size [40]. Pressures in the low 10−14 Torr
range have been reproducibly achieved in a 3m long vacuum
chamber [41]. In our considerations, a conservative value
is taken P = 10−10 Torr, which is usually required for
achieving ultrahigh-Q mechanical oscillators and the ultra-
sensitive measurements in the levitated optomechanical sys-
tem [19,20,32,42,43]. Then we find γi = 10−7.8 Hz in the
room-temperature gas, indicating that ideal oscillators can
be essentially decoupled from their thermal environment.

Compared with the previous scheme to detect chameleons
via the force-distance properties by the levitated micro-
spheres as discussed in Ref. [17], the distinct difference of our
scheme is focused on the quantum optomechanics detection
using optical nonlinear spectrum. The chameleon induced
coupling strength � can be obtained from Eq. (7) by setting
different energy scales M and 
. For both the test and source
objects are unscreened. The CIC strength can be expressed
as

�u(M) = − Mi

2πωi r3
0 M

2
. (30)

In Fig. 2, we have plotted the transmission |t |2 of the probe
beam versus detuning at resonance δ − ωi for different
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Fig. 2 The plot of the probe transmission spectrum as a function of
detuning δ − ωi with different chameleon -matter coupling strength M
in the conditions of ri = 3 µm, r0 = 80 µm. The peak splitting caused

by chameleon coupling between objects � can be well recognized in
the spectrum.The other parameters are ωi = 100 kHz, g = 0.25 Hz,
κ = 5 × 108 Hz, �p = 1 THz

M . Without the presence of chameleons (M → ∞), we
find a enhanced peak located at the fundamental frequency
ωi of the two oscillators as shown in the first picture. As
the chameleons appear with the strength M = 10−3.6MPl ,
the probe transmission spectrum will present an asymmet-
ric splitting depicted by the second picture. Here MPl =
1/

√
8πG is the reduced Planck mass. The two peaks dis-

playing in Fig. 2 for given energy scales M = 10−3.8MPl

and M = 10−4MPl represent the chameleon interactions
between the two spheres. The splitting becomes larger with
increasing M . Thus the dark energy signature can be observed
distinctly in the pump-probe spectrum. The splitting distance
D has a simple relationship with the CIC strength � via
� = D/2, which provides a straight way to measure the
CIC strength on the spectrum. According to the Eq. (30),
the minimal detectable field-matter coupling strength Mmin

is mainly determined by the full width at half maximum
(FWHM) of the resonance peak on the probe spectrum. Con-
sidering Dmin = FWHM ≈ 10−7.8 Hz in Fig. 2, one can
obtain �min ≈ 8 × 10−9 Hz, hence Mmin = 10−3.5MPl .

The simultaneous presence of a pump field and a probe
field generates a radiation pressure force at the beat fre-
quency, which drives the motion of the oscillator near its res-

onance frequency. In the Fig. 3, |N 〉, |n1〉 and |n2〉 denote the
number states of the cavity photon, and sphere A and sphere
B phonons, respectively. |N , n1, n2〉 ↔ |N + 1, n1, n2〉
transition changes the cavity field, |N + 1, n1, n2〉 ↔
|N , n1 + 1, n2〉 transition is caused by the radiation pres-
sure coupling. In a double oscillators system,the coupling
between two microspheres adds a fourth level. The energy-
level can be modified by the chameleonic interaction. The
CIC breaks down the symmetry of the optomechanical
induced interference, and thereby the single pump-probe
transparency window is split into two transparency windows,
which yields the chameleon induced optical nonlinearity.

For the both objects become screened, here the CIC
strength can be obtained by

�s(
) = − 6φ2
vac

ωi r3
0ρi Ri

. (31)

Thus in this case, the CIC strength is completely independent
of the field-matter interactional strength M , but be changed
by the strength of the self interaction 
. Substituting the
minimal detectable CIC strength �min = Dmin/2 ≈ 8 ×
10−9 Hz into Eq. (31), we find that the dark energy scale
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Fig. 3 Schematic of the energy-level diagram the energy-level split-
ting. |N , n1 + 1, n2〉 ↔ |N , n1, n2 + 1〉 transition is induced by the
chameleon coupling

Fig. 4 The expected constraint in the M/MPl ∼ 
 plane forn = 1, the
regions in the rectangle (indicated by green) will be excluded. The hori-
zontal line marks the range around 
 = 2.4 meV, where the chameleon
field would reproduce the current cosmic acceleration. Recent con-
straints from atom interferometry are shown by the blue lines [13,14].
The black line indicates limits from neutron interferometry (indicated
by shadows) [11]. The constraint of the levitated microsphere experi-
ment [17] are denoted by the red line. Our results are about one or two
orders of magnitude stronger than the ones from atom interferometry
at the dark energy range

can be measured down to a precision of the order of 
 ∼
10−1 meV.

The Eqs. (30), (31) predict the CIC between the levitated
microspheres due to the screening mechanisms in a vacuum
chamber. Figure 4 shows our bounds for theories with the
exponent n = 1 compared to existing experimental limits on
chameleon interactions. The 
 − M area of the green will
be excluded by the quantum optomechanical detection. The
system excludes the range M � 10−3.6MPl for the all range
of 
. This constraint is about one to two orders of magnitude
stronger than the ones from atom interferometry at the range
of 
 = 2.4 meV [13].

4 Background noise

4.1 Background forces

One can place a stiff metallized shield between the drive and
test masses to minimize the effects of electromagnetic forces
by preventing direct ac coupling between the masses. This
method lead to the conclusion that the experiment’s force
resolution is presently limited by an environmental effect,
most likely an electrostatic interaction between the shield and
the test mass. Basically, there is a relatively large background
force present at all times between the microspheres and shield
membrane. Although electrically neutral microspheres are
used, they still contain 1014 charges and interact primarily as
electric dipoles.

To study the background forces noise in the system, we
focus on the left cavity where the “sphere A” strongly inter-
acts with the shield membrane. We map the system onto
the cavity optomechanics in which the microsphere and the
shield are dipole–dipole coupled. The interactional energy
between them can be written as

U = − μiμs

2πε0R3
0

. (32)

Here μiand μs are the dipole moments of the levitated micro-
sphere and the shield membrane. The separation distance
can be regarded as R0 = d0 + x1 − xs , where xs denote
the displacements of shield from their equilibrium positions,
d0 denotes the distance between the equilibrium positions.
The Hamiltonian of electrostatic interaction can be obtained
by quantizing mechanical oscillators within rotating wave
approximation

HE = − μiμs

πε0d5
0

→
x1

→
xs ≈ −h̄�(ô+

A ôS + ôAô
+
S ), (33)

and

� = − μiμs

πε0d5
0

1√
MiMs

√
ωiωs

, (34)

where ô+
S (ôS) are the bosonic creation(annihilation) opera-

tors for the shield membrane with the oscillation frequency of
ωs and the mass Ms . The dipole moments of levitated micro-
spheres are measured experimentally. According to the Ref.
[17], we assume μi ≈ 102 e · µm and μs ≈ 107 e · µm.
The measurement of the membrane’s lowest mechanical res-
onance provides the lowest flexural resonance frequency
ωs ≈ 130 kHz [44]. If we trap the microsphere near the
shield membrane with the distance d0 = 40 µm, we can
obtain the coupling � ≈ 3 × 10−3 Hz, which is about 5
order of magnitudes higher than the chameleon induced cou-
pling rate �.

The Hamiltonian of the system of is then given by
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Fig. 5 The black curve shows the initial resonance of the levitated
microsphere A, the red dash curve after considering the dipole force
coupling between sphere A and the shield membrane which are sepa-
rated by a distance of d0 = 40 µm. We assume the shield membrane’s
lowest mechanical resonance provides the lowest flexural resonance
frequency ωs = 130 kHz. The result shows that the splitting is inde-
pendent of the interactions between them. The other parameters are the
same with that in Fig. 2

H = h̄�puâ
+â+h̄ωi ô

+
A ôA + h̄ωs ô

+
S ôS + h̄gâ+â(ô+

A + ôA)

− i h̄�p(â − â+) − i h̄�pr (âe
iδt − â+e−iδt ) + HE .

(35)

The Hamiltonian have the same expression with Eq. (1), thus
we can manipulate it with the same means. In order to study
the interaction between the microsphere and the shield, we
depict the transmission of the probe beam as a function of the
probe-pump detuning without or with the dipole–dipole force
in Fig. 5. Without the presence of electrostatic force (� = 0),
we get an enhanced peak which is located at the fundamental
frequency δ = ωi . By applying the dipole–dipole interaction
strength �, we then depict the probe spectrum by the red
dashed line in Fig. 5. Although the interactional strength is
very large(� ∼ 10−3 Hz), interestingly, the probe spectrum
will not be charged, because of the separation of the drive
frequency ωs from the trapping frequency ωi . That is to say,
the dipole–dipole coupling can’t induce an optomechanical
splitting on the spectrum in the condition of ωs �= ωi . Thus it
is reasonable to ignore the electrostatic background noise in
the system and the contribution of chameleons will be able
to show itself clearly on the probe spectrum via the splitting
as discussed before. We call this phenomenon as an optome-
chanical screening and we find any interaction between the
shield and the test mass would likely be too small to make
the shield deflect enough to drive the levitated microsphere
a measurable splitting on spectrum.

Such a shield can screen the chameleon fifth force as well.
The change in source mass position will result in a change
�φ in the field on the surface of the test mass. The suppres-
sion factor can defined as fs = �φ(shield)/�φ(non-shield).
According to Ref. [8], fs is approximately equal to fs ≈
sech(2mef f ds), where ds is the foil thickness, mef f is the

effective mass of the φ(ρ) fluctuations, it is given by

m2
e f f (ρ) ≈ n(n + 1)
− 4+n

1+n

( ρi

nM

) n+2
n+1

. (36)

Here it is manifest that the effective mass is a function of
the ambient density, ρi , and that it increases with increasing
density, exactly as desired. The suppression factor is approx-
imately equal to 1 in the case of 2mef f ds < 0.1. In our
scheme, we use a shield membrane of ds = 1 µm. Consid-
ering the dimensionless numbers n = 1 and the dark energy
scale 
 = 2.4 meV, we can obtain mef f ds ≈ 4 × 10−5 with
the coupling strength Mpl/M = 10−3. Thus mef f ds � 0.1
and the force suppression due to shielding membrane can be
safely neglected.

Furthermore, the chameleon force depends on the size and
geometry of the vacuum chamber as discussed in details in
Ref. [16]. Hence we suggest that by comparing the interac-
tions of two objects in different chamber geometry, we may
be able to subtract out the common electromagnetic force
background. According to Eq. (31) for n = 1, we have

∂D

∂Rvac
= 34ζ 2

ωi r3
0ρi Ri


10/3R1/3
vac. (37)

The sensitivity for the radius of the vacuum cavity can be
defined as �Rvac = (∂D/∂Rvac)

−1�D. Consider �D =
10−7.8 Hz, when Rvac = 5cm, 
 = 2.4 meV, we get
�Rvac = 1.2 µm. Hence we can separate out the signals of
the chameleons form strong electrostatic force background
through changing the vacuum cavity radius by microns.

4.2 Thermal noise

The evaluation of the minimum measurable frequency shift,
δω, limited by thermomechanical fluctuations of a nanoelec-
tromechanical systems (NEMS) resonator can be expressed
as [38]

δω =
√
kBT

Ec

ωi� f

Q
. (38)

Here, kB is Boltzmann’s constant, T is the resonator tem-
perature, � f is the measurement bandwidth, Q is the qual-
ity factor of the microsphere which can be given by Q =
ωi/2πγi ≈ 1012. Ec = mω2

i 〈x2
c 〉 represents the maximum

drive energy of the microsphere, where we defined 〈xc〉 as
the maximum rms level still consistent with producing a pre-
dominantly linear response. For a Gaussian field distribution,
the nonlinear coefficients are given by ξ = −2/W 2 [45],
Considering the beam waist radius W = 120 µm, for small
displacements |xc| � |ξ |−1/2 = 8 × 10−5 m, the nonlin-
earity is negligible. In our considerations, xc is taken to be 3
orders of magnitude smaller, we choose xc = 8 × 10−8 m,
thus the frequency stability will reach δω = 1.5 × 10−8 Hz
with the measurement bandwidth � f = 10−5 Hz at the room

123



266 Page 8 of 9 Eur. Phys. J. C (2018) 78 :266

temperature (T = 300 K). Here, � f ≈ 1/2π tm and is depen-
dent upon the measurement averaging time tm , thus we get
tm ≈ 1.6 × 104 s.

5 Conclusion

We discuss dynamics of the chameleonic coupled quan-
tum cavity optomechanical oscillators, then suggest feasible
methods to detect the chameleon dark energy with high sensi-
tivity based the pump-probe technology.Using two levitated
microspheres in an ultrahigh-vacuum chamber, we reduced
the screening mechanism. We find that the normal mode
splitting can be observed due to the chameleonic induced
coupling strength. The splitting distance has a simple linear
relationship with the CIC strength, which strongly reveals
the new light degrees of freedom coupled to matter fields.
We use a stiff metallized shield to provide the attenuation of
electrostatic and Casimir forces between two spheres, then
discuss the background forces between the shield membrane
and the levitated sensor. The splitting distance is independent
of the interactions between them, leading an effective way
to avoid strong background force noise. Moreover, several
other methods are also proposed to minimize the noises.
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