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Cooling a mechanical resonator to the quantum regime by heating it
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We consider a mechanical resonator made of diamond, which contains a nitrogen-vacancy center (NV center)
locating at the end of the oscillator. A second-order magnetic gradient is applied and induces coupling between

mechanical modes and the NV center. By applying a proper external magnetic field, the energy difference between
NV center electron spin levels can be tuned to match the energy difference between two mechanical modes a and
b. A laser is used for continuously initializing the NV center electron spin. The mode a with lower frequency
is driven by a thermal bath. We find that the temperature of the mode b is significantly cooled when the heating
bath temperature is increased. We discuss the conditions that quantum regime cooling requires and confirm the
results by numerical simulation. Finally we give the intuitive physical explanation of this unusual effect.
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I. INTRODUCTION

Cooling and manipulating the motion of a mechanical
resonator are widely studied [1]. They have many applica-
tions in quantum information science [2-9], testing quantum
effects in macroscopic systems [10-20], ultrasensitive sensing
[21-26], etc. In order to a cool mechanical resonator, we
should couple it to other cold systems such as cavity mode
(optomechanics) [27-29], electronic spin (nitrogen-vacancy
[NV] centers) [30-32], etc. In optomechanics, laser cooling
of mechanical resonators is a typical method. Intuitively, this
is not hard to understand. A laser produces coherent light,
which is well ordered (cold), and will make the mechanical
system couple with a colder cavity bath [27,28]. However,
counterintuitively, recent research showed that a thermal light,
which is very hot, can also cool an optomechanical system
[33]. In this system, the mechanical resonator to be cooled is
coupled with two optical modes [34]. The low-frequency mode
is in contact with a hot thermal light while the high-frequency
mode is not, acting as an auxiliary part. After the system
reaches the equilibrium state, the thermal phonon number in
the mechanical mode will be smaller.

In a hybrid system that contains a NV center and a
mechanical resonator, a magnetic gradient is applied to
couple the NV center with the resonator. The NV center
is continuously initialized by a laser and could be used for
cooling the mechanical resonator to the ground state [30].
In previous literatures, the first-order magnetic gradient was
used for inducing coupling between the NV center and the
mechanical mode [30,35—-40]. It is quite natural to ask whether
the higher order magnetic gradient could be useful for coupling
the NV center and the mechanical resonator and cooling it.

In this paper, we consider a system that contains a
mechanical cantilever and a NV center [40]. A second-order
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magnetic gradient is applied to induce the coupling between
the NV center and the two mechanical modes a and b. The
electron spin transition frequency of the NV center is tuned
to match the mechanical modes’ frequency difference. The
NV center is continuously reset to the ground state by a laser.
In this way, the NV center acts as an effective vacuum bath
to cool the mode b. An incoherent driving (thermal bath) is
applied on the lower frequency mode a, which results in a
higher temperature. The incoherent driving on mode a also
increases the effective coupling between mode » and the NV
center, and cools the mode b. We find that the quantum regime
cooling is possible under the current experimental conditions.
The paper is organized as follows. In Sec. II, we introduce
the scheme of the second-order magnetic field gradient induced
coupling between an NV center and mechanical modes. In
Sec. III, we derived the analytical solution for the system.
In Sec. IV, the analytical results are verified by numerical
simulation. In Sec. V, discussion and conclusion are given.

II. THE SCHEME

As shown in Fig. 1, we consider a diamond cantilever
resonator that contains a NV center at the end of it. Two
mechanical modes a and b are under consideration, with
frequencies w, < wjy. Two spin states of the NV center electron
arerelevanthere, | — 1) and |0). By applying a proper magnetic
field, the energy split between the two states of the NV center,
w,, is equal to the energy difference of the two mechanical
modes, A = w, — w,. Due to the second-order magnetic
gradient G, = 9?B/dx?, the two mechanical modes a and
b both couple with the NV center.

Initially, both mechanical modes a and b are in the thermal
states with the average thermal phonon number 7i, and 7.
The mode a is driven by a thermal bath with average phonon
number much higher than its environment. The NV center
electron spin is initialized to the |0) state at the beginning.
The Hamiltonian of the whole system can be expressed as
H = Hy + H;, where Hj is the noninteraction part and H;
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magnetic tip

FIG. 1. A nanodiamond is fabricated as a thin cantilever which
can oscillate along the x axis, while the defect of an NV center is at
the end. Two magnetic tips, which point along the x axis and generate
second-order magnetic gradient along the x axis, are placed below
the cantilever. The distance between the midpoint of the connection
lines of the tips and the NV center are around 50 nm. An external
static magnetic field By, is added along the z axis to induce Zeeman
split in order to drive away the NV center spin |+1) state and keep
the |0) and |—1) state closer.

describes the interaction between the mechanical resonator
and the NV center electron spin:

_ @ i t
Hy= —o0,+w,a'a + wpb'b,
2 (1)

Hi = [gqa'a + gwb'b + gup(a'b + abh)]o,,

where g, = gupGoxa, g» = gsipGax}, and gy =
gxl'LBGZxaxh; Xa = «/ h/zmaa)a (xp = kY% h/zmbwh) is the
zero-field fluctuation for the mechanical mode a (b); and m,
(myp) is the effective mass for mode a (b). Experimentally,
w, ~ 21 x 10" Hz, and g,,gp.84» ~ 27 x 1 Hz can be
realized (see Appendix A).

Under the rotating wave approximation, which shifts the
energy zero point by w,(a'a + b'b), we can change H, into

H, = %az T Ab'D. )
Unavoidably, the system will go through some intrinsic loss.
The mechanical decays y, and y;, are of the order of 27 x 1 Hz
(see Appendix A). The intrinsic decay rate I'y for NV center
is much less than 1 Hz at low temperature. By adding an
initializing laser, the decay rate I" for the NV center electron
spin would be much larger than the decay rates for the
mechanical modes y, and y,. The dephasing of NV center is
neglected, as it could be eliminated by continuous dynamical
decoupling [41]. However, as we will use the same model to
describe the decay of the spin and the vibration, here we should
make sure that I',y,,y, < .. As the evolution of the system
contains decay and damping, it is convenient to describe it
with a quantum master equation [42], which can be written
out explicitly as

p=—ilH,pl+ (La+ Ly + Ls)p,
Ly =1+ 1a)YaDa + fiaVaDyr,
Ly = (1 +7ip)yDp + iy Yy Dpi s
L, =TD, .

3)
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D, refers to the notation in Lindblad form, which is D,(p) =
2xpx’ — xTxp — pxTx. Equation (3) will be solved in both
analytical and numerical methods. The results of the both
methods will be compared and discussed.

III. ANALYTICAL SOLUTION

As mentioned above, the phonon bath for mode a is very
large, so the average phonon number of mode a is almost
always equal to the average phonon number in the bath, that
is, (a'a) = i1,. Moreover, as the phonon number of mode b is
much smaller than that of mode a, it is safe to drop the term b
in H,. If we denote 8 = a'a — 7, as the phonon occupation
number fluctuation of mode a, under the rotating wave picture,
H, can be simplified to

H{ = g,8(04 +0_) + gup(a'boy +ablo_).  (4)

For the convenience of the notation, here we rename H(; —
Hy, Hl — H,.

Using the standard method of quantum master equation
[43], and after adiabatically eliminating the mode a [44,45],

we can get the reduced master equation for mode b and the
electron spin mode s (see Appendix B)

pb.s(t) = _i[HOvpb,s(t)] + £bpb,s(t) + Espb,s(t)

+ L10p,s(t) + Loy (1), (5
where we have introduced two Liouvillians for convenience:
2
gab

L= —S5%  [(1 47,)Dpo. + iy Dy
1 Va+yh+r[( )Dpo, bio_]

o Qv+ Dgi (g + )
T @+ Q)2
Equation (6) can be written in a more compact form if we

define the effective average excitation number of the NV center
electron spin as

(Do, + D;_). (6)

L Qrat D)ga (72 + i)
T2+ Qy, +T)2]

, nlis v Z u w u-
In fact, n is very close to zero because of the weak co

pling requirement (g,~/7a>8b~/Tip>&up/Tlally K ), in other
words, due to the large energy split w, and the relative large
damping rate I'. Then we can define an effective Liouvillian for
the spinas well £, = L, + L, = (1 +n,)[' D, +n.T' Dy, .

Now the equation of motion for the reduced density matrix
Pb.s becomes

Pb,s(t) = —i[Ho, pps ()] + L1pp,s(t) + Lppp,s(1) + L pp (1).
(8

The corresponding adjoint equations for the phonon number
operator i1, = b'b and excitation number operator iy, = 040_
can be developed then (see Appendix C );

)

iﬁs = 28—5})[(_2% — Dty — fighs + (fig+1)iip]
dt Yat+vs+T
+20[(=2n; — Dits +n],
d 2821; ~ PN _ _ N
Enb = m[(zna + Dipis + gy — (g + Ditp]
+2y(p — 1ip). )

053836-2



COOLING A MECHANICAL RESONATOR TO THE QUANTUM ...

Taking the average on both sides with respect to the quan-
tum state of the system, and under average field approximation
which refers to (ii,i;) = (fip)(fi,), the stationary state for
the average phonon number of mode b can be solved from
the quadratic equation below after we drop the nonphysical
solution:

Alfp)* + B(fp) + C =0, (10)
where
A= —yp82, (20, + 1)
Ya + Vb + r
gzb
= — 2 2gfipYp + lipYs — NaVb
Yat+ v+ 1
—Tiiy —Tn, —T) — 3T Q2nl + 1),
g2b
= ——% i (ypiip + 1 D20 +1). (11
)/a-i-J/b-l-Fn oty + ) + i, I'2ng + 1), (11)

In Fig. 2, the stationary phonon number of mode b is plotted
as a function of the average phonon number of mode a. Unlike
the previous Ref. [33], where there was an optimal heating bath
temperature, here increasing the heating bath temperature will
always cool the resonator, which is an outstanding property.
As environmental temperature increases, the quantum regime
cooling (7i;) < 1 can be realized by increasing both the mode
a temperature and NV center decay I.

We can further look at how different values of I" can change
the effect of cooling. The qualitative trend can be seen clearly
from Fig. 3. For a given value of 71,, when I" increases from a
small value to a relative large value, there exists a certain I" for

0
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n n
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FIG. 2. (i,) as a function of 7i,. The parameters related to
frequency are w./2w =2 x 107 Hz, g,/2nm =3 Hz, g,/2n =1
Hz, g.p/27 = +/3 Hz, and y, /27 = y,/27 = 1 Hz. (a) The initial
temperature of mode b is 10.8 mK. The average phonon number is

approximated by the Bose distribution7i, = 1/ (ekﬁ% — 1) = 7. Three
values of I'/2r = 10,30,50 Hz correspond to the blue dotted line,
black solid line, and red dashed line, respectively. I'/2r = 30 Hz
and 50 Hz can reach ground-state cooling ({/i,) < 1) if 7, > 160.
This corresponds to an effective temperature 7, = 77.1 mK. (b) The
initial temperature of mode b is 7 = 101.4 mK. The thermal phonon
number is 71, = 70. The blue dotted, black solid, and red dashed lines
correspond to I'/2mw = 100,300,500 Hz, respectively. Ground-state
cooling can be reached if I'/2wr = 300 Hz and 71, > 22500 (T, =
10.8 K), or I'/2r = 500 Hz and 72, > 19700 (T, = 9.5 K).

PHYSICAL REVIEW A 94, 053836 (2016)

0 20 40 60 80 100
r/2r

FIG. 3. (7i,) as a function of I'/2z. Three values of 7,, 50, 300,
and 10 000, correspond to the red dashed line, the blue dotted line,
and the black solid line. Black circles display Eq. (13) in the limit of
i, — oo. The initial temperature of mode b is 10.8 mK so 77, = 7.
Other parameters are the same as in Fig. 2.

which the cooling effect is the largest. Before the optimal
cooling point, I" is not large compared with the effective
coupling (.., g4+/Ma), s0 increased I" will benefit the cooling
process. However, after that, larger I will result in a smaller
cooling rate. When 71, increases, the optimal I" will increase,
too. In the limit of 77, — o0, we can get a simple expression
for (7i,) under the weak coupling assumption

. 1| _ +T . +T\* __
(I’lb) = —|np— Yo + \/<nb — Yo > + an
2 2yp 2y

(12)
As shown in Fig. 3, such an approximation is quite reasonable.
In the limit of 77, — o0, the condition for quantum regime
cooling ({7ip) < 1) 1is

I > 37/b(ﬁb — 1), (13)

which can be fulfilled by tuning I" with laser. These analytical
results are based on the rotating wave approximation (RWA).
When thermal phonon number /i, ~ A/g.,, the RWA is
no longer valid. From the parameters used in Fig. 2, RWA
requires 7., < 10'%, which is obviously fulfilled in Fig. 2 and
the following figures in this paper.

IV. NUMERICAL SIMULATION

Now we discuss the numerical simulation of the cooling
process, and compare the result with the analytical ones
above. The idea is simple. We expand the quantum operators
and quantum states in the uncoupled representation, that
is, the Kronecker tensor product of the occupation number
representations for the three modes involved. The matrix forms
of Eq. (3) can then be calculated step by step with the classical
four-order Runge-Kutta method. The average phonon number
for mode b is equal to tr(pNp), where N, is the phonon
number operator of mode b in the whole Hilbert space for the
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FIG. 4. Comparison of analytical and numerical results. Lines
(circles) represent analytical (numerical) results. We choose four
I'/2m: 2, 15, 50, and 120 Hz, corresponding to the blue dotted line
(blue circles), black solid line (black circles), red dashed line (red
circles), and pink dash-dotted line (pink circles). The initial phonon
number for mode b is taken as 71, = 1. Other parameters are the same
as in Fig. 2.

system, namely, N, = I, ® I, ® (b'b). It should be pointed
out, however, as the dimension of a matrix cannot be too large
for a numerical simulation, the requirement 77, > 1, is not
able to be satisfied here. As a result, H, in Eq. (1) should be
inserted in the equation of motion Eq. (3) instead of H.

We present several numerical results of the stationary
phonon number (71,) with the results we get from Eq. (10),
which is plotted in Fig. 4. As can be seen from the figure,
when I > y,,y, is satisfied, the analytical results match the
numerical ones perfectly. But when y, and y,, are comparable
with I, the two results no longer agree with each other
quantitatively. However, it is quite reasonable, because in this
case several approximations for the analytical results are not
valid any more. When I" is not very large, the term £, = ' D,,_
does not dominate over H in Eq. (3). As 71, is also at the same
scale with 7i;, in this case, now neglecting the back action on
mode a is not a good approximation. When mode b is being
cooled, mode « is being heated unavoidably, thus lowering the
effect of cooling. The analytical results which neglect the back
action thus exaggerate the cooling effect. This trend is shown
clearly from the figure. But the analytical conclusions are still
valid qualitatively. For instance, if we fix I', as 71, is larger,
the cooling effect also will be larger. And if we fix 7, there
exists an 71,-dependent value of I' where the cooling effect is
maximum.

V. DISCUSSION AND CONCLUSION

From the above derivation and calculation, it is clear that the
higher frequency mechanical mode will be significantly cooled
by heating the lower frequency mechanical mode. In fact, this
trend can be seen directly from the Eq. (8), where £, acts as
the cooling term. As the electron spin is much more likely
to be in the spin state |0) due to the continuous initialization,
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the effect of o should be much larger than that of o_. So
Dy, is the dominant operator for evolution, and the mode b
will be cooled. It can be understood that mode a facilitates
the energy transfer between mode b and the spin. Quantized
energy flows from the vibration mode to the NV center. Soon
after that the excitation in the NV center electron spin decays
into the environment through light. As this process is repeated,
the heat of the mechanical mode b is gradually removed.

In conclusion, we studied the second-order magnetic gradi-
ent induced coupling between NV center and the mechanical
modes. We proposed to drive one mechanical resonator mode
with a thermal bath to cool the other mode of the resonator.
We solved the motion of the system analytically under the
weak coupling assumption. It is found that under a rotating
wave approximation, the final thermal phonon number of
the resonator approaches a minimum as the thermal bath
temperature increases. The quantum regime cooling is feasible
under the current experimental conditions. We numerically
solved the equations, and found that the results fitted very well
with the analytic results. The cooling by heating phenomena
does not violate the laws of thermodynamics. This scheme can
be understood as a thermal machine or a heat engine [46—48].
The mode a acts as an engine, and the NV center electron spin
takes the role of a condenser. This work opens up the possibility
of cooling the mechanical mode in solid systems by injecting
the thermal phonon, which usually heats the system.
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APPENDIX A: EXPERIMENTALLY REALIZED
PARAMTERS

In this section we discuss the values of parameters w,, w,,
Wp» 8a» &b» 8ab» Yas Vb, and I that can be realized in experiments.

Asin former experiments (e.g., Ref. [30] for a Si cantilever),
the size of the resonator can be taken as around 3 x 0.05 x
0.05 pm. Considering that the density of diamond is around 1.5
times the density of silicon [49], and the fact that the effective
mass of a solid and normally shaped oscillator doing simple
oscillation is of the same order as its mass, we can estimate
that m, = m; = 5 x 10~'® kg. The fundamental frequency of
such a mechanical resonator is around 10 MHz [30]. Although
the zero-field splitting of the NV center is around 2.88 GHz
[50], after an external magnetic field is exerted, the separation
between |0) and | — 1) states can be reduced to the order of
tens of MHz. As aresult, it is possible to fulfill the requirement
wp — w; = w,. Here we choose w,/2nr = 10 MHz, w, /27 =
30 MHz for convenience. The quality factor of the resonator
canreachupto Q = 107 [49]. Second-order magnetic gradient
G, canrealize several times of 10'> T m~2 in experiments [51].
By using finite element simulation, we got that the maximum
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G, could be around 5 x 104 Tm™2, if the distance between
the NV center and the magnetic particles is 50 nm.

If G, is set to be 5 x 10'* Tm™2, we will have g, /27 =
3 Hz, g,/2m = 1 Hz, and g,,/2m = 1.73 Hz. The decay rates
of the mechanical resonator can be estimated by y, = y, =
w,/Q =2 x 1 Hz. We need to tune the decay rate of the
NV center to be much larger than the mechanical decay rate
to reach ground-state cooling; for instance, I can equal to
2w x 120 Hz.

APPENDIX B: DERIVATION OF THE REDUCED MASTER
EQUATION

Here we provide a derivation of the reduced master
equation, Eq. (5) in the main text. The reduced density matrix
of mode b and mode s after mode a is eliminated is

Pb,s = tr,(0). (BD)

We can adiabatically eliminate mode a to get the evolution
equation for the reduced density matrix [43]

pb,s(t) = _i[HOapb,s(t)] + Ehpb,s(t) + E.spb,s(t)
00 , )
+ trwcim dt,e/;freet ﬁimpb,s(t -1)® Pa

0
= _i[HOapb,s(t)] + Ebpb,s(t) + E.vpb,s(t)

o / ’
—r, |:H17/ dt eﬁmet [Hlv/)b,s(t —1 ) 02y pa]:ls

0
(B2)
where we denote
Ling = —i[H,e],
Efree = —i[H(),O] + Ea + Eb + Es- (B3)

We expand g,, g» and g, to the second order and can get

Po.s(t) = — i[Ho,pps(t)] + Lppp,s(t) + Lspps(t)

00 .,
—tr, |:H1, / dt [ecf'“t (Hl),pb,s(t) ® ,Oa]i|'
0

(B4)
Once we expand the commutation relations in Eq. (B4), we
can directly calculate it term by term:

Po.s(t) = —i[Ho, pp,s(1)] + Lppp,s(t) + Ly pp s(t)
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+ ’
— el (Hy)pps(1) ® poHy

+ pps(t) ® paetin (Hy)H, } (BS)

. toy .
What we need first is the term e%re’ (H)). It is easy to get
from direct calculation:

‘C}Lree(a) = (1 + ﬁa)VaDl(a) + flu Ya DaT‘ (a)

2

=1+ ﬁa))/a(ZaTa2 —dla® — aaTa)

+ ﬁa)/a(ZazaT —aata — azat)

= —J/aa, (B6)

Similarly, £l _(a') = —y,al. From these we have

}- ’ ’
el g = Vel g eF
The following results are obtained using exactly the same

method:

j- ’ ’
el qf = e 7 gt

P / v . ’
eLfreeI 8 — 672}/,,1 8, gﬁﬁeet b — e*(yiri’lwz)t b,

+ ’ -~ . ’ + ’ . _ !
chreel bT =ée (p—iwot b, ecfreet o4 = e('wz D o4

’

o . ’
g‘Cfreet o = e(*thfl")t o_.

(B7)
Lt (H)) will then be calculated with the results above in
mind:
e/lﬂee’/([-[l) = ga[(e,c}reef/5)(e£;mef/0+)+(e£§mt’5)(e£}reet’G_)]
+ gapl(eCr! ah) (et by(eLre! )
+ (Cieet @) (eChe! b (eEhe )]
= g“867(2ya+r)t/ (U+€iwzt/ + G,e’i“)Z’,)

+ gabe_(V“J”’”r)’, (a'boy +ablo). (B8)

It deserves notice that here we only keep the slow-time-
varying term, so we neglect a'? and a? above. Now we come
back to Eq. (B5), which can be simplified term by term. As tr,
means taking the average on a, the trace of odd multiples of a
and a' equals to zero. Terms containing i w, are neglected here
because their effect is just changing the energy zero point:

e, to
tr, [/ dt Hye ' (Hy)py,(1) ® Pa}
0

2y, +T

2,-2 | =
=g n,+n,)————=
8. (1, )w§+(2ya+1“)2

(040 +0_0,)pps(1)

2
o ., &b _ _ ,
—tra{ f df [Hy P! (H))op (1) ® po oy T e+ Dblo-boy + Ruboblo-1pm.(0),
0 a
o (BY)
— Hypp.s(1) ® pae“r=' (H,)
© P 2v.+ 7T
tr, dt H st®ae£ffe°tH:|= Zﬁz—i—ﬁa—a s)o_ +o_pps(t)o
[/0 P10 ® et (B | = 6375 ) ol ) prs(07,]
2
— 84 (i, + Dbospp (b o + figblo_pps(boy],  (B1O)
Ya + Vb + r '
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2y, +T

———|Oo s(t)o_ +o_pps(t)o
w§+(2ya+r)2[ +0b,5(1) Pb,s ()0 ]

o0 , t , _ ~
tr, [ / dt e“=' (Hy)pp (1) ® pa Hl} = g2 (A2 + i)
0
gazb

— Bl11
ya+7/b+r ( )

[(Rq + Dbopy ()b o_ + Agblo_py ()b ],

= Lheet 2022 | = 2y, +T
tru [/(; dt pb,S(t) ® Pa€ free (HL)HI} = ga(na + na)mpb,s(t)(aﬁ_a_ + 0’_0’+)
ggb
Yat+ v +T
After we insert Egs. (B9)~(B12) into Eq. (B5), we will get Eq. (5) in the main text.

op.s (D[ + Db'o_boy + figbo,blo_]. (B12)

APPENDIX C: DERIVATION OF THE ADJOINT EQUATIONS FOR THE NUMBER OPERATORS

In this part, the equations of motion for the number operators 71, and 7is, Eq. (9) in the main text, is derived.

The adjoint equations for Eq. (9) in the main text are

d ’ 2
_ﬁs = (EJ{ + »Cj)ﬁs = L
dt Yat o+ T

d N (ﬁT +£T)A g(%b
—n), = n, — ———
dt ’ : b Ya +)/b+F

From simple calculations, we have

D}, (A) =201 — iy, D) () = —2A,(1 + ip),
D! (a))=2(1—n,), DI (a,)= -2,

D}, (Ay) = =2(1 — Ay, D), (p) = 20,(1 + fp),
D)) = =20y, D} (p) = 2(1 + fp). (C2)

After Eq. (C2) is inserted into Eq. (C1), it will be simplified
to Eq. (9) in the main text.

APPENDIX D: DETAIL OF THE NUMERICAL
SIMULATION

In this section, we discuss in detail the numerical simula-
tion. For Fig. 4 in the main text, we control the accuracy so that
all numbers are accurate until the order of 0.001. The evolution
time is ¢ = 3, after which the state is at the stationary state up
to the accuracy. As discussed in Appendix A, we can choose
the frequency parameters as g,p/2m = V3Hz,g,/27 = 1Hz,
8av/2m = 3Hz,y,/27w = y,/2nr = 1 Hz. As we want to cover
a wide range of results, four values I'/27 are chosen: 2, 15,
50, and 120. Small values for the phonon numbers 72, and 7i,
should be chosen due to the calculation cost.

Here we always choose 77, = 1 as the initial condition. As to
i, we choose i1, = 1,2,3,4. The dimensions of the matrices
in the Hilbert space are chosen to balance the accuracy and
the cost of calculation resource. For the Hilbert space where
the initial phonon number equals 1, the dimension is chosen
as 15 x 15. For the Hilbert space where the initial phonon
number equals 2, the dimension is chosen as 27 x 27. For the
Hilbert space where the initial phonon number equals 3, the
dimension is chosen as 40 x 40. For the Hilbert space where
the initial phonon number equals 4, the dimension is chosen

[(1+7i)D}, + D} 1As + [(1 +n)I' D} +n T D} s,

[(1 + /i) D}, +7iaD},, 1y + [(1 + iip)ys D} + ity s D) 1. (1)

(

as 60 x 60. Obviously, the dimension of the Hilbert space for
mode s is always 2 x 2. The step length for the Runge-Kutta
method is chosen to be 0.01/50.

Figure 4 in the main text shows the results of only the w, =
500 case, even if for the example in Appendix A, w, /27 should
be chosen as w, /27 = 2 x 10”. In fact, different w, /27 will
not influence the result of cooling; e.g., @, = 250, 500, 750
all give out same final phonon number for mode b. So we

A - - -analytical
095" —numerical
. \

09 [ \\
0.85¢1 D

0.8r BTN

0.75 1 1 1 1 1

FIG. 5. The time evolution of the phonon number of mode b.
Here I' /2w = 50. Initial phonon numbers are 77, = 4 and 71, = 1.
The matrix dimension of the operators and states for mode a is taken
to be 60 x 60, and for mode b it is 15 x 15. Other parameters are
same as in Fig. 2 in the main text. For the analytical solution of the
differential equation, Eq. (9) in the main text, standard solver ode45
in MATLAB is used.
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are safe to use smaller w, here, considering the stability of
the simulation. This deduction also agrees with the analytical
result because Eq. (10) in the main text does not contain w, as
long as w; is large enough for n; ~ 0.

The time evolution of one set of parameters from numerical
simulation is shown in Fig. 5. The phonon occupation number
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(fip) gradually goes down as the system evolves towards
the stationary state. The cooling effect indeed happens. Also
shown in the figure is the time evolution starting from the
analytical result, Eq. (9). The two lines are similar, with the
cooling effect of the analytical one a little bit more obvious,
which also supports our findings.
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