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Controlling heat flow is crucial to improving human’s production efficiency and daily life. Al-
though thermal metamaterials have played important roles in heat manipulations, as the growing
demands of intelligent and multi-functional apparatuses, the requirements of more advanced meta-
materials are still far from being satisfactory. Moreover, the popular thermal metamaterials such
as cloak, concentrator, rotator, etc., are essentially based on particularly spatial distributions of
thermal conductivity. Hence, the designs of thermal meta devices with certain functions are greatly
restrained by the positive and definite conductivities of natural materials. In this article, we pro-
pose an approach to building thermal metamaterial by utilizing the optomechanical system as an
elemental unit. After deriving the relationship between thermal conductivities and pump light in
one such unit, we can program the value of conductivity at an arbitrary point of an array system
consisting of optomechanical cells by directly adjusting the pump power. This characteristic ensures
great freedoms and flexibilities in designing metamaterials and permits people achieving any effects
of existing thermal devices by using only one array system.

PACS numbers: 42.50.-p, 44.10.+i, 81.05.Zx, 02.40.-k

I. INTRODUCTION

Manipulating heat flow is significant in energy saving,
chips cooling, thermoelectric effects, and industrial man-
ufacturing. Thermal metamaterials have been proved to
be powerful tools in controlling heat flow at will [1–21].
This sort of artificial materials are able to show some
unusual behaviors that can not be found in natural ma-
terials. Nowadays, advanced applications in prosthet-
ics, soft deformable material, and wearable technology
have become more and more popular. Demands of pro-
grammable materials with intelligence [22] and multi-
functions are urgently needed in thermal energy stor-
age [23] and serving as building blocks of that fantastic
implementations [24]. However, due to the architecture
and thermal conductivity are crucial to metamaterials’
properties and functionalities, different types of thermal
devices always have different geometrical structures and
conductivity tensors. As a result, there exist large gaps
between different implements. Essentially, most of the
popular thermal meta devices are constructed by tailor-
ing the spatial distribution of the devices’ thermal con-
ductivities, which is a positive and definite value for cer-
tain materials. Although we can combine different mate-
rials to fit desired conductivity under the instruction of
effective medium approximation (EMA) theory, the up-
per and lower bound of the fitted conductivity are con-
strained to the highest and lowest conductivities of cho-
sen materials respectively, which also restrict the freedom
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of designing devices. Moreover, for those thermal meta
devices that emphasize noninvasively, i.e., the existence
of the device makes no distortions to the temperature
gradient, the effective conductivities of such metamate-
rials should match with the one of background, which
also narrows the application potential due to the differ-
ent environments require different constituents to build
the device. Therefore, an improved adjustable and pro-
grammable multi-functional thermal metamaterial with
a wide range of tunable thermal conductivity is of great
value to be investigated.

Fortunately, several experiments have shown that the
microstructures can change the thermal conductivity by
manipulating the phonon modes [25, 26]. Inspired by
these results, we investigate the possibility of construct-
ing adjustable and multi-functional metamaterial with
optomechanical systems driven by a light pump. Besides
the structures of the materials, the electromagnetic field
can also influence the phonon modes. For example, op-
tomechanical systems are such kind of devices that can
change the phonon modes of oscillators with light [27]
and are usually formed by oscillating mirrors(the oscil-
lators) coupled to light field. The amplitude (average
phonon number) of the mechanical oscillators can either
be increased [28] or decreased [29] by the light, and the
rigidity of the mechanical oscillator [30] is also possible to
be adjusted. Thus, by changing the phonon modes, the
thermal conductivity of the optomechanical systems can
vary accordingly. In this article, we will first show that
changing the phonon modes in optomechanical systems
can be an effective way to adjust the thermal conductivity
of thermal metamaterial. Then, based on optomechan-
ical systems, we will design a new practical method to
build programmable thermal metamaterials, whose func-
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tions (as mentioned before, functions are always defined
by the thermal conductivities) can be controlled by the
intensity of the pump light.

II. THERMAL CONDUCTIVITY OF SINGLE
DEVICE

The thermal conducting unit we propose is an optome-
chanical system with two mechanical modes coupled to a
common optical mode. This system can be realized with
an optical cavity formed by two movable mirrors as shown
in Fig.1. The displacement of the mirror will change the
frequency of the cavity, which results in the coupling be-
tween optical modes and mechanical modes[27]. In this
case, the heat flux through the device is produced by the
phonon exchanges between the two mechanical oscilla-
tors.
The Hamiltonian of the cavity can be expressed as

Hcav = ~ω(x1, x2)a
†a, (1)

where ω is the frequency of the cavity mode which de-
pends on the displacement of the two mechanical oscil-
lators; xi, i = 1, 2 is the displacement of the mechanical
oscillator i; a† (a) is the bosonic creation (annihilation)
operator of the cavity optical mode. The photon number
a†a is a conserved quantity of the Hamiltonian Hcav in E-
q. (1). So we can substitute the photon number operator
a†a with the average photon number nph. The photon
number, which is determined by the pump intensity and
the decay of the cavity, can be calculated with

nph =
FP

~ω∆ωFSR
, (2)

where F is the finesse of the cavity, P is the pump power,
and ∆ωFSR is the free spectral range of the cavity[27].
Then we expand the Hamiltonian in Eq. (1) to the second
order of the oscillator displacement.

Hcav = ~nph

[
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ω

)
x1 +

(
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]
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(
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ω

)
x1x2. (3)

The first five terms, which change the equilibrium posi-
tions or the frequencies of the oscillators, can be absorbed
into the parameters of the oscillators. Only the last term
in Eq. (3) contributes to the coupling between the two
mechanical oscillators. As a result, we focus on the last
term, and obtain the following Hamiltonian

Hcav = ~nph

(
∂2

∂x1∂x2
ω

)
x1x2 ≡ ~nphω

(2)x1x2,

where we define the second derivative of cavity frequency

ω(2) ≡ ∂2

∂x1∂x2
ω. Now we quantize the mechanical oscilla-

tor. To make the case easy, we consider the single mode

situation.

H = Hcav +Hm,

Hcav = ~nphω
(2)x2

ZPF(b
†
1 + b1)(b

†
2 + b2),

Hm = ~Ωmb†1b1 + ~Ωmb†2b2. (4)

The Ωm and Hm here are the frequencies and Hamilto-

nian of the mechanical oscillators, respectively. b†i (bi)
is the bosonic creation (annihilation) operator of the
phonon mode (i=1,2). The xZPF is the zero-point fluc-
tuation amplitude of the mechanical oscillator.

xZPF =

√
~

2meffΩm
,

xi = xZPF(bi + b†i ), i = 1, 2

with meff the effective mass of the mechanical
oscillator[27]. Under rotating wave approximation, the
Hamiltonian of the coupling between two mechanical os-
cillators in Eq. (4) becomes

Hcav = ~gb†1b2 + ~gb†2b1. (5)

Where we have defined the coupling strength between
the two mechanical modes as g ≡ nphω

(2)x2
ZPF. Now, we

come to the dynamics of the mechanical modes. From
Heisenberg equation we get

d

dt
b†1b1 =

i

~
[H, b†1b1]

= −igb†1b2 + igb†2b1,

d

dt
b†2b2 = −igb†2b1 + igb†1b2,

d

dt
b1 = −iΩmb1 − igb2,

d

dt
b2 = −iΩmb2 − igb1. (6)

The energy of the mechanical mode, E = ~Ωm⟨b†i bi⟩, with
i = 1, 2, is described by the product of the eigenenergy
of mode and the phonon number . Thus we can get the
heat flow from the time derivative of the number operator
d
dtb

†
i bi in Eq. (6). Note that Eq. (6) ensures d

dtb
†
1b1 =

− d
dtb

†
2b2, which is the conservation of the energy. As

a result, we can focus on the equation of d
dtb

†
1b1 in the

following derivation. The annihilation operators can be
formally solved as

b1 = e−iΩmtb1(0)− ig

∫ t

0

dse−iΩm(t−s)b2(s),

b2 = e−iΩmtb2(0)− ig

∫ t

0

dse−iΩm(t−s)b1(s). (7)

With the formal solution Eq. (7), the time derivative of
the number operators can be expressed as

d

dt
b†1b1 = −igb†1

[
e−iΩmtb2(0)− ig

∫ t

0

dse−iΩm(t−s)b1(s)

]
+igb†2

[
e−iΩmtb1(0)− ig

∫ t

0

dse−iΩm(t−s)b2(s)

]
.

(8)
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Then, we assume the coupling between the mechanical
modes and the heat bathes to be strong, so that both
mechanical oscillators can achieve thermal equilibrium
with the bathes in a very short time. Thus we have

⟨b†i (t)bj(s)⟩ = δi,jδ(t− s)n̄(Ti) , (i = 1, 2).

Here, n̄(Ti) = 1/(e
~Ωm
kBTi − 1) is the average phonon

number at temperature T , the quanty Ti describes the
temperature of the bath coupled to mechanical mode

i, and ⟨b†i (t)bj(s)⟩ is the expectation value of operator

b†i (t)bj(s). Then, the expectation value of Eq. (8) can be
estimated,

d

dt
⟨b†1b1⟩ = −g2n̄(T1) + g2n̄(T2). (9)

Equation (9) provides the average number of the phonon
that leaves the mechanical mode 1 per unit time. These

phonons go to the mode 2 since we have shown d
dtb

†
1b1 =

− d
dtb

†
2b2. Note that the right side of Eq. (9) has an ad-

ditional dimension of time, so that the both sides have
the same dimension. This is the result of the relation∫ t

0
dse−iΩm(t−s)δ(t − s)n̄(Ti) = n̄(Ti). The energy flux

carried by phonon is

ΦH = ~Ωm
d

dt
⟨b†1b1⟩

= ~Ωm

[
−g2n̄(T1) + g2n̄(T2)

]
.

If the temperature difference between the two bathes is
small compared with the average temperature, we can ex-
pand the average phonon number according to the tem-
perature n̄(T1) − n̄(T2) ≈ (T1 − T2)

∂
∂T n̄(T ). Then we

have

ΦH = −~Ωmg
2

[
∂

∂T
n̄(T )

]
∆T. (10)

Where ∆T ≡ (T1 − T2) is the temperature difference
between the two bathes. Eq. (10) describes the rela-
tion between the heat flux through the single device and
the temperature difference in the two sides of the device.
This relation has the same form as an ordinary object,
but the coupling strength g can be changed by the inten-
sity of the pump light. If we turn off the light, the heat
flux through the device can be shut down.
In the high temperature limit kBT ≫ ~Ωm, Eq. (10)

becomes a simpler form

ΦH = −~Ωmg
2

[
∂

∂T

1

(e
~Ωm
kBTi − 1)

]
∆T

≈ −~Ωmg
2

[
∂

∂T

kBT

~Ωm

]
∆T

= −kBg
2∆T. (11)

Regularly, thermal metamaterials work at room temper-
ature. Thus, it always satisfies kBT ≫ ~Ωm. There-
fore, in the rest of this article, we will always use the

high-temperature limit. In a word, this simple optome-
chanical system is the elemental unit of our adjustable
thermal metamaterial just like the split-ring resonators
(SRRs) adopted in the electro-magnetic cloak case.

III. THERMAL CONDUCTIVITY TUNED BY
ARRAY OF OPTOMECHANICAL SYSTEMS

We can arrange the optomechanical systems to form an
array as shown in Fig.2. Considering a two-dimensional
array, the squares in the figure represent the heat bathes,
which provide the local temperatures at different points.
The thermal energy can conduct among those squares
through the optomechanical systems connecting them.

Now, we are in a position to show that the new array
system can work as controllable thermal metamaterial,
and to derive the Fourier thermal conduction equation of
it. Let’s assume the distance between the nearby squares
is L in both X and Y direction. We first consider the heat
flux density in X direction. Suppose there is a line with
length 1 in Y direction at coordinate (x,y), the number of
the optomechanical systems that carry heat flux through
it is 1

L . If the heat flux carried by each optomechanical
system is Φx, then the flux density in X direction at that
point should be

Jx(x, y) =
Φx

L
.

With Eq. (11), we can get

Jx(x, y) =
−kBg

2
x(x, y)∆Tx(x, y)

L
.

Here, ∆Tx(x, y) is the temperature difference between t-
wo closest bathes in X direction. The coupling strength
gx(x, y) can be adjusted by the pump light on the op-
tomechanical system at (x, y) in X direction. We can

approximate the quantity ∆Tx(x,y)
L with the derivative

∂
∂xT (x, y), so that the heat flux density in X direction
can be expressed as

Jx(x, y) = −kBg
2
x(x, y)

∂

∂x
T (x, y).

In the same way we can get the expression for the heat
flux density in Y direction ,

Jy(x, y) = −kBg
2
y(x, y)

∂

∂y
T (x, y).

With the heat flux density in both direction, the Fourier
thermal conduction equation for the array can be ob-
tained,

J(x, y) = −κ(x, y)▽T (x, y),

κxx(x, y) = kB

[
ω(2)x2

ZPF

F
~ω∆ωFSR

]2
P 2
x (x, y),

κyy(x, y) = kB

[
ω(2)x2

ZPF

F
~ω∆ωFSR

]2
P 2
y (x, y),

κxy(x, y) = κyx(x, y) = 0. (12)
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Where Pi(x, y) is the pump power on the optomechanical
system at (x, y) in i direction i = x, y. We can find from
Eq. (12) that the array of optomechanical systems has
the thermal conductivity κ(x, y) related to the square of
the pump power. If we choose an uniform pump power
Px(x, y) = Py(x, y) = P0 in some area, this array has the
same property as a ordinary material. A large variety
of thermal metamaterails can be made by combination
of different ordinary materials [34]. For our array, we
just need to adjust the pump power in different position.
Thus the array can be switched among different kinds of
metamaterials with all kinds of function.

Now, we discuss the necessary pump power for this ar-
ray. For a given pump power, the thermal conductivity

is decided by the coefficient kB

[
ω(2)x2

ZPFF
~ω∆ωFSR

]2
, where kB

and ~ are constants which can not be changed. Other
parameters, which are related to the properties of op-
tomechanical systems, can be divided into three part-

s. The first part ω(2)

ω is related to the strength of the
second-order coupling between the optical and mechani-

cal modes. To enhance this term a large ω(2) = ∂2

∂x1∂x2
ω

and a small ω are necessary. We expect the ω(2) will

have a similar magnitude to the one of ω
′′ ≡ ∂2

∂x2ω in
”membrane in middle” optomechanical system which is
about 10 MHz nm−2. The frequency of the light mode
is about 1014 Hz [31]. Thus the ω(2) can reach the mag-
nitude of 10−7 nm−2 or 1011 m−2. The next part xZPF

is decided by the effective mass and frequency of the me-
chanical oscillator. Optomechanical systems formed by
nanoscale oscillator [32] or clod atom [33] usually have
large xZPF. Here, we take the parameter of the nanoscale
oscillator in our estimation, which has the frequency in
the order of 109 Hz and the effective mass in the order
of 10−16 kg. Final part F

∆ωFSR
represents the leakage of

the cavity. For optomechanical systems, this term can
be about 10−5s [27]. With the parameters mentioned
above, we can estimate the necessary pump power on
an individual optomechanical unit for a certain thermal
conductivity.

Here, we estimate the upper bond of the pump power
used in the array system to achieve the usual materials’
conductivities. Consider the thermal flux ΦH through a
cuboid with a thickness of H, a width of D and a length
of L. This flux can be calculated by

ΦH =
κDH

L
(T1 − T2), (13)

with κ the thermal conductivity of the material compris-
ing the cuboid. Then, we view the cuboid from the above
and treat it as a two-dimension object. The effective
two-dimension thermal conductivity of the correspond-
ing ”material” is

κ2D =
ΦHL

D(T1 − T2)

= κH. (14)

Therefore, the effective thermal conductivity in a two-
dimension setup is just the thermal conductivity of
the material multiplied by the thickness. If the thick-
ness of the structure is homogenous, the effective two-
dimensional thermal conductivity of the material can be
directly used in designing the metamaterial. We take the
copper slice, which holds the highest thermal conductiv-
ity among the common materials one can easily obtain
from nature, as an example. The thermal conductivity
of copper is about 4× 102 W m−1 K−1, and assume the
thickness of the copper slice is 0.1 mm. Thus the two-
dimensional thermal conductivity of the copper slice is
×10−2 W K−1. To achieve the thermal conduction effec-
t of a copper slice, the necessary pump power is about
10−2 W. Such a pump is very strong compared with the
usual pump in optomechanical systems, but note that we
do not need any coherence or quantum properties in our
design. Therefore, the photon noise, which constrains
the pump in quantum optomechanical systems, is not a
problem here. Also, the pump is usually largely detuned
from the oscillator, so that the heating effect of the pump
light is weak.

IV. DESIGN OF THERMAL META-DEVICE BY
UTILIZING OPTOMECHANICAL ARRAY

SYSTEM

In this section we give the example of how to design
multiple thermal meta-devices by using the aforemen-
tioned array system of optomechanical resonators. For
demonstration, we adopt the simplified design of bilay-
er thermal cloak and concentrator with reduced thermal
parameters [13, 19]. The bilayer cloak has two parts as
shown in the Fig.3 (a): the thermal insulator inner ring
and a outer ring with a specific thermal conductivity. De-
note the background (r > c), the outer ring (c < r < b),
the inner ring (b < r < a) and the invisible area (r < a)
to be region 1, 2, 3, 4 respectively. As indicated in re-
f [13], for a two dimensional system, if the thermal con-
ductivity of the background is κb then the thermal con-
ductivity distribution of the cloak can be derived as:


κcloak
1 = κb

κcloak
2 = κb

(
c2 + b2

)
(c2 − b2)

κcloak
3 = 0

κcloak
4 = Cκb

(15)

where C is an arbitrary constant representing the con-
ductivity of the object hidden inside the cloak. On the
other hand, a thermal concentrator can also be achieved
by using this bilayer structure [19], and the correspond-
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ing parameters are given below:

κcon
1 = κb

κcon
2 = κb

(
c2 + b2

)
(c2 − b2)

κcon
3 = Dκb

κcon
4 = κcon

3

b2 − a2 κcon
3

ab+ a2

(16)

here Dκb is a smaller conductivity compared to the
κb(c

2+b2)/(c2−b2) playing a role to eliminate the distor-
tion of the temperature distribution outside the device.
To achieve the function of the bilayer thermal cloak or

concentrator, we just need to set the pump power accord-
ing to the original design and the Eq. (12). Let’s assume
the center of the thermal bilayer cloak locates at (x0, y0)
and the pump power of the background (the area with
(x− x0)

2 +(y− y0)
2 > c2) is P0. To make the inner ring

of the cloak thermal insulator, we can simply shut down
the pump. Therefore, we obtain the pump power for the
different region to achieve the cloaking effect:

Px (x, y) = Py (x, y) = P0, for r > c

Px (x, y) = Py (x, y) =

√
c2 + b2

c2 − b2
P0, for c > r > b

Px (x, y) = Py (x, y) = 0, for b > r > a

Px (x, y) = Py (x, y) =
√
C P0, for r < a

(17)
On the same footing, the pump power distribution for
the concentrator can be calculated as

Px (x, y) = Py (x, y) = P0, for r > c

Px (x, y) = Py (x, y) =

√
c2 + b2

c2 − b2
P0, for c > r > b

Px (x, y) = Py (x, y) =
√
DP0, for b > r > a

Px (x, y) = Py (x, y) =

√
D

b2 − a2 D
a b+ a2

P0, for r < a

(18)
Now, we are in a position to give a more practical de-

sign for the array system. Illustrated in Fig.3 (b), just as
a picture consisting of pixels, we construct the array net-
work with 31× 31 pixels and each pixel indicates a unit
cell of the optomechanical resonator. The regions 1, 2, 3,
4 are denoted by the different colors, and the necessary
pump powers for these regions can be calculated by ap-
proximating the green and blue regions as the annuluses.
Hence, for a cloak the pump powers are given:

Px(x, y) = Py(x, y) = P0, for r > c
Px(x, y) = Py(x, y) = 1.852P0, for c > r > b
Px(x, y) = Py(x, y) = 0, for b > r > a
Px(x, y) = Py(x, y) = arbitrary value, for r < a

(19)
For the concentrator, the parameters are:

Px(x, y) = Py(x, y) = P0, for r > c
Px(x, y) = Py(x, y) = 1.852P0, for c > r > b
Px(x, y) = Py(x, y) = 0.316P0, for b > r > a
Px(x, y) = Py(x, y) = 0.3P0, for r < a

(20)

Taking account of the above two sets of pump power val-
ues, we perform the simulations to investigate the ther-
mal conduction behaviors of this array placed in a tem-
perature field with a normalized temperature gradient.
The simulation results are shown in the Fig.3 (c), (d),
and the temperature profiles are in good agreement with
the anticipations. Apparently, under such a pump dis-
tribution the array works as a bilayer cloak or a con-
centrator. It needs to be emphasized that these two
thermal metamaterials are just adopted as the demon-
stration samples. In fact, almost all the existing thermal
meta-devices can be achieved by such an array network.
As aforementioned, if we change the pump power, the
thermal conductivity of the related region thus will be
changed. Hence, when we tune the thermal conductivi-
ty of the outer and inner ring to the same value as the
background, we cancel the cloaking function of the sys-
tem. Besides, if we tune the pump power of region 3 and
region 4, the device may switch from a cloak to a concen-
trator or vice versa. Obviously, for this new adjustable
array system, by providing different pump power, switch-
able multi-functional thermal metamaterials can be eas-
ily realized.

V. CONCLUSION

In this article, we propose a new method to fabricate
programmable thermal metamaterial by utilizing the op-
tomechanical system as an elemental unit. After theo-
retical analysis, we find that the thermal conductivity
of this unit is proportional to the square of the pump
light intensity, and therefore can be tuned by providing
different pump power. For instance, we also show how
to build a switchable thermal metamaterial by adopting
an optomechanical heat-conducting unit. Moreover, for
experimental instructions, the necessary pump power is
given as a reference. The new method provides more
freedom and flexibility to assemble existing functions of
thermal metamaterials to only one device, whose conduc-
tivities have quick responses to the pump light and can
be adjusted according to the different demands. The ar-
ray system consists of optomechanical units that enable
the design of multi-functions materials that can be easily
programmed with function-shifting tasks, which means
that the material can be switched among any types of
known thermal devices (cloak, concentrator, rotator, in-
verter and so on). We anticipate this approach can be
extended to various directions, and help people designing
more sorts of metamaterials with fantasy characteristics.
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Figure Captions
Fig.1 The illustration of the thermal conducting unit.
The cavity in our scheme has two movable mirrors. These
two mirrors are connected to two identical mechanical os-
cillators. Both mechanical modes are coupled to a ther-
mal bath indicated by the red and blue cuboid represent-
ing the heat and cold source respectively. The intensity
of the light in the cavity is only depended on the pump
intensity.
Fig.2 Blueprint of the array formed by optomechani-
cal systems. The squares made of ordinary material is
connected by the optomechanical systems. This array is
pumped by inhomogeneous light field.
Fig.3 (a) The figure shows the bilayer thermal cloak or
concentrator. The region 1 is the background, in which
r > c. The region 2 and 3 are the outer ring (c < r < b)
and the inner ring (b < r < a) respectively. The re-
gion 4 is concealed in the center of the device within the
r < a domain, and represents the invisible or concentrat-
ing area. (b) The blueprint of our thermal device design
by utilizing the array of optomechanical systems. There
are 31×31 unit cells indicated by the small squares in the
device, and for the different regions denoted by different
colors the thermal conductivities can be tuned accord-
ing to the cloaking or concentrating parameters. (c) The
simulation result shows the snapshot of the temperature
distribution for a thermal cloak device. (d) The temper-
ature profile for a thermal concentrator derived from the
simulation is also given.
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FIG. 1. The illustration of the thermal conducting device. The cavity in our scheme has two movable mirrors. These two mirrors
are connected to two identical mechanical oscillators. Both mechanical modes are coupled to a thermal bath indicated by the
red and blue cuboid representing the heat and cold source respectively. The intensity of the light in the cavity is controlled by
the pump intensity.

FIG. 2. Blueprint of the array formed by optomechanical systems. The cubes made of ordinary material are connected by the
optomechanical systems. The array is pumped by inhomogeneous light field.
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FIG. 3. (a) The figure shows the bilayer thermal cloak or concentrator. The region 1 is the background, in which r > c. The
region 2 and 3 are the outer ring (c < r < b) and the inner ring (b < r < a) respectively. The region 4 is concealed in the center
of the device within the r < a domain, and represents the invisible or concentrating area. (b) The blueprint of our thermal
device design by utilizing the array of optomechanical systems. There are 31 × 31 unit cells indicated by the small squares
in the device, and for the different regions denoted by different colors the thermal conductivities can be tuned according to
the cloaking or concentrating parameters. (c) The simulation result shows the snapshot of the temperature distribution for a
thermal cloak device. (d) The temperature profile for a thermal concentrator derived from the simulation is also given.


