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A quantum resonator in a thermal-equilibrium state with a high temperature has a large average population
and is featured with significant occupation over Fock states with a high excitation number. The resonator could
be cooled down via continuous measurements on the ground state of a coupled two-level system (qubit). We
find, however, that the measurement-induced cooling might become inefficient in the high-temperature regime.
Beyond the conventional strategy, we introduce strong driving between the excited state of the qubit and an
external level. It can remarkably broaden the cooling range in regard to the nonvanishing populated Fock states
of the resonator. Without any precooling procedure, our strategy allows a significant reduction of the populations
over Fock states with a high excitation number, giving rise to nondeterministic ground-state cooling after a
sequence of measurements. The driving-induced fast transition constrains the resonator and the ancillary qubit
at their ground state upon measurement and then simulates the quantum Zeno effect. Our protocol is applied to
cool down a high-temperature magnetic resonator. Additionally, it is generalized to a hybrid cooling protocol by
interpolating the methods with and without strong driving, which can accelerate the cooling process and increase
the overlap between the final state of the resonator and its ground state.
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I. INTRODUCTION

Open quantum systems are prone to being thermalized due
to their inevitable coupling with a finite-temperature envi-
ronment [1-4]. Pioneering experiments over the last decade
have begun exploring the quantum behavior of microsize
harmonic-resonator systems, adapting various techniques to
cool specific modes far below the environmental temperature
[5-7]. Thus, the ground-state cooling and the more general
pure-state preparation for a quantum system [8—11] have long
been a primary challenge and an indispensable task for the
majority of quantum technologies. Cooling is a crucial re-
quirement for the initialization of a quantum system, adiabatic
quantum computing [12-16], and ultrahigh-precision mea-
surements [17,18], to name a few.

Measurement-induced cooling [19-24] constitutes a class
of subroutines among quantum control technologies based
on measurement, including one-way computation [25,26],
the preparation of spatially localized states [27], and en-
tanglement generation [28-30]. In a broader sense, these
applications emerged from heated investigations [31-34]
surrounding the quantum Zeno effect (QZE) [35-38]. Con-
ventionally, the QZE states that measurements, such as the
von Neumann projection and the generalized spectral decom-
position [39], will affect in an essential way the dynamics of
the measured system [40] and will hinder the decoherence
process. Because cooling a system to a ground state is po-
tentially connected to preparing an arbitrary pure state via a
unitary operation, it is a direct consequence once the target
system remains in its initial state because of the QZE.
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A typical and successful idea for cooling by measurement
is to select the ground state of a continuous-variable target
system, e.g., a mechanical resonator, out of an ensemble in a
thermal state by carrying out continuous measurements on an
ancillary system, e.g., a two-level system or qubit [24,41-43].
The whole system is forced to be in the ground state by
the projective measurements with finite survival probability.
This nondeterministic cooling strategy was theoretically pro-
posed in Ref. [42] and experimentally realized in Ref. [19].
Afterward, it was applied to cooling nonlinear mechanical
resonators [43] and one-shot measurement cooling [22] to
obtain the ground state. However, measurement-induced cool-
ing assisted by a qubit might lose its efficiency when the
initial temperature of the target system becomes too high.
The occupations over the Fock states with a high excitation
number might not be reduced, or the system will instead even
be heated up by measurements.

In this work, we present a protocol allowing ground-state
cooling of a harmonic resonator coupled to the transition
of two levels in a three-level system. The state of the
resonator-qubit subsystem can be protected by the strong
driving between the excited state of the qubit and the extra
or external level, which is decoupled from the target res-
onator. For the conventional repeated measurements over the
ground state of the qubit, our protocol demonstrates a con-
siderable advantage over the conventional one in regard to
reducing the populations over the Fock states with a much
greater excitation number. We practice our cooling protocol
in the magnetic system quantized to be bosonic magnons.
The magnon system is a significant interface that can be cou-
pled with microwaves [44-48], electric currents [47,49,50],
mechanical motion [48,51-53], and light [54-56]. The vary-
ing magnetization induced by the magnon excitations inside
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the magnet, e.g., a yttrium iron garnet (YIG) sphere, leads
to the deformation of its geometry structure, which forms
the vibrational modes (phonons) of the sphere [51,57]. High
temperature gives rise to (1) a large number of excitations
and, consequently, a strong magnon-phonon interaction, mak-
ing the mechanical degree of freedom non-negligible, and
(2) a large linewidth [46], reducing the coherent operation
time. At a temperature on the order of 100 K, the aver-
age excitation number of the magnon system could reach
hundreds. We find that after less than 100 equispaced uni-
tary evolutions periodically interrupted by measurements of
the ground state of the ancillary system, the effective tem-
perature of the magnon mode could be reduced to several
kelvins.

The rest of this work is arranged as follows. In Sec. II,
we introduce the model for a resonator coupled with a
three-level system in the presence of a laser field resonantly
driving the excited and external levels. The combination of
the ground-state measurements of the ancillary system and the
driving-induced resonator-qubit-state protection gives rise to a
much broader cooling range in comparison to the conventional
qubit-assisted protocol [42]. The detailed derivation of the
cooling coefficient is provided in the Appendix. In Sec. III,
we apply our cooling protocol assisted by the external level
to the magnon system. Cooling performances by both the
conventional protocol and our protocol are compared with
each other under various temperatures. Their distinction is
also illustrated by the population histograms for the Fock
states after a fixed number of measurements. In Sec. IV, we
propose a hybrid cooling protocol interpolating the conven-
tional and our schemes. The cooling performance could then
get promoted in regard to both speed and fidelity. The cooling
mechanism of our cooling protocol is further analyzed in
terms of a Zeno-like effect on the measured subspace under
various driving strengths. In Sec. V, we discuss the distinc-
tion between the nondeterministic cooling by measurement
and the sideband cooling in trapped-ion systems, stress the
effect of the external driving, and then summarize the whole
work.

II. COOLING MODEL AND COEFFICIENT

Our protocol [see Fig. 1(c)] is an alternative realization
of cooling a target resonator through the projective measure-
ments of the ground state of the ancillary system, which is
assisted by resonant driving between the excited state of the
conventional ancillary qubit and an external state. In a realistic
scenario, we consider a model consisting of a resonator [in the
Kittel mode in Fig. 1(a)] and an effective three-level system
[a solid defect or emitter in Fig. 1(b)]:

H = Hy + H; = w,b'b + w.le)(e| + ol f){f]
+ gm(b+ b )0k + 05) + 28 cosvi(o}, +o7,), (1)

where b (b") is the annihilation (creation) operator of the
resonator with frequency w,,, |e) and |f) are the excited
and external levels in the three-level system with frequen-
cies w, and wy, respectively, and are resonantly driven by
a laser field with strength g, and frequency v = wy — w,.
The energy of the ground state |g) of the ancillary system

Kittel Mode  (b)

Kittel mode

Spectral Density

Frequency

U(t)

FIG. 1. (a) Sketch of the magnon spectrum. The dipole peak
(Kitte] mode) can be spectrally separated from the other magnon
peaks under certain conditions [58]. (b) Diagram of the model com-
prising a three-level system (the ancillary system) and a YIG sphere
(the target system). g, is the coupling strength between them. The
transition |e) <> |f), driven by a laser field with strength g, is far
off resonant from the Kittel mode. (c) A general circuit model for
the ground-state cooling by measurement. Initially, the resonator
(the upper line) is in a thermal-equilibrium state, while the ancil-
lary system (the bottom line) is at the ground state. Then the total
system undergoes a free evolution for a period of 7, after which
an instantaneous projective measurement in the form of |g)(g| is
performed. If the ancillary system is detected to remain at its ground
state, then the total system is allowed to evolve another period of
7. The resonator is thus cooled down in a nondeterministic way and
approaches its ground state |0) under the repetition of the preceding
process.

is assumed to be w, = 0. The resonator is coupled to the
transition |e) <> |g) with a coupling strength g,, and is far
off resonant from the transition |e) <> |f). Note the external
level | f) is effectively decoupled from the resonator and both
|g) and |e), which is not necessarily the highest level in the
three-level system. The atomic transition operators are de-
noted by al.}L = |i)(j| and 0 = |j){i]. Under g = 0 and the
rotating-wave approximation (RWA), the total Hamiltonian in
Eq. (1) is reduced to the Jaynes-Cummings (JC) model with
H = w.le){e| + wnb'b + gun(ob + o,,b"), which is used in
the conventional measurement-induced cooling scheme [42].
In the hybrid magnon systems [58,59] in which we are inter-
ested, the coupling strength g, is about 1-10 MHz, which is
much smaller than the frequencies of the magnetic resonator
and qubit, w,, @,, ~ 10 GHz. The RWA is thus justified in our
model.

In the rotating frame with respect to Hy = w,b'b +
w.le)(e|l + ws| f)(f] and under the RWA, the overall Hamil-
tonian reads

HI/ — eiHotHe—iHot _ HO
~ gul(ob+ o,bT) + gr (o], +07), 2

where we have applied the resonant condition w,, = w,. With
the Hamiltonian H; in Eq. (2) connecting the target system
and the ancillary system, our protocol follows the general
circuit model of the measurement-induced cooling. As shown
in Fig. 1(c), it is a concatenation of the free unitary evolutions
under the effective Hamiltonian H; and the repetition of the in-
stantaneous measurements of the ground state of the ancillary
system M, = |g)(g|. Initially, the resonator [represented by the
upper line in Fig. 1(c)] is prepared in a thermal-equilibrium
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state, and the three-level system is in the ground state; then
the overall density matrix reads

p(0) = |g)(gl ® pl. 3)

After each desired evolution period 7, a projective measure-
ment M, is performed on the discrete system to check whether
it is still in the ground state. If so, the overall state takes the
form

MU (2)p(O)U ()M,

PO = MU (e U ()Ml

“4)

where U(t) = exp(—iH/7) and the denominator is the prob-
ability of the ancillary system being its ground state after a
single measurement. The ground-state cooling is essentially
incoherent and probabilistic due to the uncertainty of the
measurement results. After N measurements, the total time
taken by the cooling protocol is # = Nt under the assumption
that the measurements are instantaneously accomplished. The
success probability of detecting the ancillary system in its
ground state |g) at time ¢ reads

Py(N) = Tr[Vo(0)N oV ()], )

where the nonunitary operator V(1) = (g|U(7)|g) acts only
in the resonator space. For the resonator prepared in the ther-
mal state p = > p,|n)(n| with p, =7 /(1 + fig)"™ and
i, = Tr(b'hpM), the probability of finding the resonator in
its ground state is upper bounded by po = 1/(1 + 7ig).

The evolution operator V¢(7) is diagonal in the Fock-state
basis {|n)}:

Ve(r) =) au(0)n)(nl, 6)

n=0

where «,(7)’s are defined as the cooling coefficients:

Q2 + ng? (cos 2,7 — 1)
a,(t) = 5 ., Q= /g?—i—ng%n.
n
(7

And then p, — |a,|*" p,. More details can be found in the
Appendix. In the absence of the driving field, i.e., gy = 0, the
cooling coefficient will be reduced to that for the conventional
cooling protocol [42],

Ba(t) = cos(gm/nt) ®)

for w,, = w,. Note that ag(t) = Bo(r) =1 and |o,-0(7)l,
|Bis0(t)] < 1, and both of them are independent of the
initial temperature or the initial population distribution.
For the current protocol, |a,(7)> =1 occurs with special
n’s satisfying 2,7 = 2km, where k is an arbitrary integer.
However, for the conventional protocol, |B,(7)|?> = 1 when
gm/nt = k'm. It is therefore important to understand that
both protocols have a finite-width applicable range. The width
could be roughly regarded as the (quasi)period of those
special n’s.

The cooling range of n is exclusively determined by
lotps.0(7)|? = 1. According to Eq. (7) with Q, =2jn /7, j €
N, the population of the states |n; = [(2j7/7)* — g}1/8,)
will survive under the measurement-induced cooling. These
Jj’sforn; > 0 constitute a cooling-free setA = {j|j e N, j >

1.0' ———IaﬂnﬂN=1
—— |ap|?N,N=10

£0.8f | — BNl
(0] 1Bn]?N, N =10
S | AN
£ 0.6 | ‘-
g |
Q |
_20.4- !
E
0 0.2

0.0t . .
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n

FIG. 2. Cooling coefficients as functions of the Fock-state index
n by a single measurement and 10 measurements on the ground
state of the ancillary systems. The blue solid line and the black
solid line with circles indicate |a,(7)|*" in our protocol using an
ancillary three-level system. The red dash-dotted line and the yellow
dashed line indicate |B,(t)|*" in the conventional protocol using
an ancillary two-level system. The coupling between the resonator
and the ancillary system is g,,/w,, = 0.0004, the driving strength is
&r/8m = 50, and the measurement period is w,, T = 700.

grt/2m}. The other Fock states will be depopulated by
measurements. In parallel, under the conventional cooling
protocol, the protected Fock states |n; = k*72/(g2,7%)) con-
stitute another set B = {k|k € N}. The quasiperiods for both
protocols are then

_4Q2j + Dr?

2k + D2
&’ '

Aa B B =

€))

2 72
8mT

By comparing A, and Ag and taking into account the starting
elements in A and B, j > gy7/2n and k > 1, one can find
strong driving g yields a much wider cooling range than the
conventional protocol.

In Fig. 2, we plot |a,|?" and |B,|?Y for each n with
N =1 and N = 10, respectively. For the ground state |n =0),
both coefficients are 1, which is the foundation for all pro-
tocols of measurement-induced cooling. We focus on the
first quasiperiod bounded by the ground state and the first
|n # 0) at which |a,|)*> =1 or |B,|> = 1. With the param-
eters from the magnon system [58], the first nonvanishing
solution under the conventional cooling protocol is n ~ 125,
and that under our protocol is about n =~ 2000. Additionally,
when N = 10, |a,|?" < 1073 applies to the Fock states with
500 < n < 1350. This means that the population of the res-
onator in this range can be significantly suppressed by only
10 measurements. So the external-level assisted protocol out-
performs the conventional protocol in the high-temperature
regime.

In the large-N limit, the nonunitary evolution operator be-
comes sparser and sparser,

Voo = > e imynl T3710) 01+ 3 In) (gl (10)

n=0 JjEA

063105-3



JIA-SHUN YAN AND JUN JING

PHYSICAL REVIEW A 104, 063105 (2021)

Consequently, the density matrix of the resonator becomes
Pn(NT) = [Vo()V oV (2 )V ]/ Pe(N)
_ Zn}O |an|2N[7n|n> (n|
Py(N)
N—oo POlOY(O1 + 3~ s Pn;Inj) (1]
—— P
L

where p,>o describes the initial distribution of the resonator
over Fock states and the survival probability P,(N) of the
resonator at p,,(Nt) is

N—
PN) =Y lonl™py = po+ Y pu, =P (12)

n>0 JjeA

. adn

Under continuous measurements, the average population of
the resonator becomes

2N
Zn}O n|(¥n| Pn
>0 0P,
N—o00 ZjeA njPn; ZjeA NjPn;
P Do + ZjeA P,

This indicates that the final 72(N) is directly determined by the
cooling-free set of Fock states. As for the conventional cool-
ing protocol, j € A in Eq. (13) should be replaced by j € B.
For a comparatively low temperature with limited ) e Pnys
ii(N — o0) ~ 0 can always be achieved by either cooling
protocol. According to Fig. 2 and Eq. (13), however, the
ground-state cooling will become difficult or even impossible
in the presence of the non-negligible populations p,, over the
cooling-free Fock states. With a significantly broadened cool-
ing range covering more Fock states with a higher excitation
number, it is shown in the next section that our external-
level assisted protocol can realize the ground-state cooling
in a much higher temperature regime. The magnon system is
chosen to be the target resonator.

A(N) = Tr[b'bp,(NT)] =

13)

III. MEASUREMENT COOLING OF MAGNONS

The general nondeterministic protocol described by the
nonunitary operator V, in Eq. (6) and its cooling coefficient
o, in Eq. (7) is now applied to the magnon mode. Nor-
mally, the magnon system is set up by a sphere made of a
ferrimagnetic insulator YIG, which has a giant magnetic qual-
ity factor (~10°) and supports ferromagnetic magnons with
a long coherence time (~1 us) [60-62]. The paradigmatic
model described by Eq. (1) is then physically relevant to a
magnetic emitter (the ancillary system) coupled to the Kittel
mode (the target resonator) via the induced magnetic fields
by putting a diamond nitrogen-vacancy center near a YIG
sphere [58]. The Kittel mode, in which all the spins precess in
phase and with the same amplitude, can be efficiently excited
by an external magnetic field and becomes separable from
the other modes in the spectrum due to its dipolar character,
as shown in Fig. 1(a). If the excited state of the three-level
system is resonant with the Kittel mode (~10 GHz), then the
coupling strength could approach a strong-coupling regime
(gm ~ 10 MHz, much larger than the decay rate I' ~ 0.2 MHz)
[58]. A laser field, whose Rabi frequency is much stronger

0 20 40 60 80 100
N

FIG. 3. The average magnon number 7(N) as a function of mea-
surement numbers N. The black solid lines marked with triangles and
the red solid lines marked with circles indicate the conventional and
external-level assisted cooling protocols, respectively. (a) T = 0.1 K,
(b) T=1.0 K, and (¢) T =2.2 K. The frequency of the Kittel
mode is set as w,, = 15.6 GHz. g,, = 2m x 1 MHz, g/g,, = 30, and
w, T = 700.

than the coupling strength between the magnetic resonator
and the three-level system, is assumed to be resonant with the
transition |e) <> |f) and far off resonant from |g) <> |e), as
shown in Fig. 1(b).

In Fig. 3, we first check the cooling efficiency with
the average population 7(N) of the magnon resonator un-
der the conventional and external-level assisted protocols.
The resonator is prepared in a low-temperature regime. In
Fig. 3(a) with T = 0.1 K, the conventional protocol with
gr = 0 demonstrates a significant advantage over our protocol
with g¢/g,, = 30. Itis found that after N = 60 measurements,
71 is reduced from 0.44 to 0.002 by the former protocol, and
in contrast, it is reduced to merely 0.33 by the latter one. This
result can be expected from the cooling-coefficient distribu-
tion in Fig. 2. The conventional protocol is featured with a
steeper slope in a limited range of Fock states, indicating a
stronger cooling efficiency in the space with a small excitation
number, i.e., in the low-temperature regime. The cooling ef-
ficiencies of these two protocols are found to move gradually
closer to each other with an increasing initial temperature of
the target magnon. In Fig. 3(b), with T = 1.0 K, 7 can be
reduced to about 0.003% and 0.3% of its initial value after
N = 80 measurements by the conventional and external-level
assisted protocols, respectively. However, in Fig. 3(c), with
T = 2.2 K, the average populations 7i(N ) under both protocols
converge after 80 measurements. For a typical hybrid system
of a magnon coupled with an emitter, it is numerically found
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FIG. 4. Cooling performances at a higher temperature 7 = 10 K
of both measurement-cooling protocols, including (a) the average
magnon number 7, (b) the fidelity of the ground state F(N)=
(01, (N7)|0), and (c) the survival probability P,(N) of detecting the

ancillary system at |g) and the resonator in p,,(N ) as functions of N.
w, = 15.6 GHz, g,, = 27 x 1 MHz, g;/g, = 30, and w,,v = 700.

that both measurement-cooling protocols exhibit almost the
same cooling efficiency at about a few kelvins, which could
be regarded as a critical temperature.

The advantage of our external-level assisted protocol man-
ifests in a high-temperature regime as indicated by the
dramatically expanded cooling range in Fig. 2. Figure 4(a),
with T = 10 K, demonstrates a completely inverted pattern of
Fig. 3(a), with T = 0.1 K. Note the other parameters remain
invariant. In Fig. 4(a), the conventional cooling strategy is
found to heat up rather than cool down the resonator. The
average population 7 first increases to about 113 during the
first 20 measurements and then gradually decreases to its
initial value i1 ~ 83 after 300 measurements. In sharp contrast,
our cooling protocol assisted by a driven three-level system
keeps reducing the average population to 7 & 4 after 60 mea-
surements and down to 7 &~ 0.5 after 300 measurements. The
advantage of our external-level assisted protocol is also shown
by the ground-state fidelity. In Fig. 4(b), the fidelity of our pro-
tocol keeps increasing to 0.7 after 300 measurements, while
in the same time it is less than 0.4 under the conventional
protocol. Yet both nondeterministic protocols are found to
be source exhaustive in terms of the low survival or success
probability of measurements Py(N). In Fig. 4(c), both P,(N)’s
decrease to less than 0.1 after 40 measurements. And after 50
measurements, the survival probability of our protocol, i.e.,
the probability of cooling the resonator to its ground state,
becomes smaller than the conventional one.

The remarkable distinction between the conventional cool-
ing method and our method in the high-temperature regime

0.01F Initial State
qQ
(a)
>
0. =0
q 0.1}
0 il (b)
0.2F 7= 300,
q 0.1}
0 ™ 1 . . (C2
0 50 100 150 200

n

FIG. 5. Population histograms for various states of the resonator
over the Fock space. (a) The initial thermal state at 7 = 10 K.
(b) and (c) The states after N = 60 measurements by the conven-
tional protocol and our protocol, respectively. w,, = 15.6 GHz, g, =
2m x 1 MHz, and w,,t = 700.

can also be illustrated by population histograms for vari-
ous states of the resonator in the Fock space. As shown in
Fig. 5(a), the resonator of the initial state is widely distributed,
which has a considerable population even at |n = 200). After
N = 60 measurements, one can see in Fig. 5(b) that nearly
20% of the population aggregates at the ground state |[n = 0)
and the rest are centered around |n = 125). Apparently, Fock
states with such high excitation numbers are cooling free in
the conventional protocol. However, in Fig. 5(c), nearly 60%
of the population aggregates around the ground state in our
protocol, demonstrating a clear cooling effect in a wide range
of n. Over the state |n = 14), the population becomes less
than 0.01.

Moreover, one can find that the last state is still a ther-
mal state. Using the parameters in Fig. 5, it is found that
cos(Q,7) < 1 and ng, /Q) < ng,, /(&5 + &,) K 1 for n <
20. Then according to Eq. (7), the population of the resonator
at the Fock state |n) becomes

o
o = loal? po o< (1= ngl, /22)™" exp (—n - )
kgT
. 2ng2 N . ( nhwm)
X eX JRRE L S— X —
P &+ & A=)
nha)m 1 + 2k3g%nN
= €X —_——| = —_—
P kg | T Fhowy (ng +£2)

nhw,, (14)
=exp|—
P kpTesr

up to a normalization coefficient. So p, still follows a
Maxwell-Boltzmann distribution, and the resonator can be
seen at an effective temperature Ti¢r, which can also be defined
by the average population # as

howpy,

- "™ (15)
kg In(1 + 1/7)

Togp
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FIG. 6. Average magnon numbers 7(N) under various initial
high temperatures. The black solid, blue dot-dashed, red dashed,
and green dotted lines describe 7 = 90, 100, 110, and 120 K, re-
spectively. w,, = 15.6 GHz, g,, =27 x 1 MHz, g;/g, = 50, and
w, T = 220.

Then one can estimate the overlap of any cooled state and the
thermal state with i by the fidelity

Fn = {Te[{ Ve N Op Tt  om O] (16)

By virtue of Egs. (15) and (16), we find the effective temper-
ature in Fig. 5(c) is about 0.6 K with a near-unit fidelity.

In Fig. 6 for the resonator in an even higher temperature
regime, a decent cooling performance of our protocol can be
observed at a temperature around 100 K, although it decreases
slightly with increasing 7. When T = 100 K (see the blue
dot-dashed line), the average population for such a resonator
with a frequency on the order of 10 GHz could be reduced
from 71 ~ 800 to 7 &~ 50 by 50 measurements and continu-
ously down to 7 & 10 by 300 measurements. According to the
effective temperature defined in Eq. (15), these two values of
i1 correspond to T = 6.02 K and T = 1.25 K, respectively.
Thus, for a magnon resonator prepared at the same order
of room temperature, our external-level assisted strategy is a
promising choice to approach ground-state cooling without a
refrigerator, although at a cost of continuous measurements.

IV. HYBRID COOLING PROTOCOL AND SUBSPACE
PROTECTION BY DRIVING

Due to the distinct cooling ranges, the conventional and
current protocols are found to exhibit a cooling advantage in
the low- and high-temperature regimes, respectively. In this
section, we propose a hybrid cooling scheme by interpolating
the methods with and without driving between the excited
level |e) and the external level |f). It accelerates the cooling
process by reducing the desired numbers of measurements N
to approach ground-state cooling.

In particular, to cool down a resonator initially prepared at
a comparatively higher temperature, e.g., T = 10 K, one can
first employ the strategy with driving, taking advantage of its
wide cooling range, and then turn off the driving laser at a
desired interpolating point and continue to cool the resonator
using the conventional strategy without driving, which is more
favorable in a low-temperature regime. In Fig. 7, the hybrid
protocol is shown under the same conditions as in Fig. 4.
When the average magnon number declines to 7 = 10 (about
one order smaller than its initial value) by N = 30 measure-
ments, the driving is turned off, i.e., gy = 0. We then find that

100

200

300

FIG. 7. Cooling performance at 7 = 10 K, including (a) the av-
erage magnon number 7, (b) the ground-state fidelity F, and (c) the
survival probability P, as functions of N under various protocols. The
black lines marked with triangles, the red lines marked with circles,
and the blue lines marked with squares denote the conventional,
external-level assisted, and hybrid cooling protocols, respectively.
w, = 15.6 GHz, g,, = 2m x 1 MHz, and w,,7 = 700.

i1 [see Fig. 7(a)] decreases with a remarkably faster rate than
before. And in the same time, the fidelity of the resonator in
its ground state |0) [see Fig. 7(b)] approaches 1 in a sharper
way. Although the survival probability becomes worse [see
Fig. 7(c)], which is about 0.01, the hybrid protocol still ex-
hibits better cooling performance than both the conventional
and external-level assisted protocols. It is capable of reducing
the average magnon number from 83 to 0.09, i.e., almost 4
orders in magnitude, with a high fidelity F ~ 0.92 through
only N = 60 measurements. Therefore, the driving protocol
we proposed can be used as a precooling procedure for the
conventional one.

We now scrutinize the effect of the driving strength g, in
addition to broadening the cooling range. When the driving
strength g, between the excited state |e) and the external state
|f) overwhelms the coupling strength g,, between the res-
onator and the ancillary system, the fast transition |e) <> |f)
suppresses the state leakage out of the subspace consisting of
the resonator and level |g) of the three-level system [63]. On
repeated measurements by M, the dynamics of the nondeter-
ministic state |g)(g| ® p,,(Nt) will be consequently inhibited
by the driving. Thus, one can see in Fig. 8(b) that the survival
probability P, of detecting the ground state |g) is asymp-
totically enhanced by increasing gr/g,,. For the resonator
part, its average population 7 in Fig. 8(a) follows roughly
the same pattern as P,, where the black dashed line denotes
the initial 7 for T = 10 K. It is interesting to see that (1)
when g/ /g, < 20, the cooling protocol might actually heat up
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FIG. 8. (a) The average magnon number 7 and (b) the survival
probability P, as functions of the normalized driving strength g, (in
units of g,,). The number of measurements is fixed at N = 50. w,, =
15.6 GHz, g,, = 2m x 1 MHz, and w, v = 700.

the target resonator, meaning cooling demands a sufficiently
strong driving, and (2) 7 does not follow a monotonic relation
with gr/g, under a fixed N, meaning a larger g,/g,, is not
necessarily more favorable than a smaller g/g,, in cooling
efficiency.

V. DISCUSSION AND CONCLUSION

The underlying mechanism in our context of measurement-
induced cooling or in the context of measurement-induced
purification [41] is nondeterministic. Each measurement after
an interval t of free unitary evolution performs a postselection
on the whole system, by which the distribution of the target
resonator over Fock states with a finite excitation number
is discarded and only the ground state is collected from the
ensemble. The success of detecting the system in the ground
state cannot be guaranteed for every measurement. The lim-
ited survival probability P,(N) in Eq. (5) and the resulting
nonunitary evolution operator Vg(t) in Eq. (6) indicate the
cost for all similar protocols. They are profoundly distinct
from the laser-cooling schemes used in trapped-ion systems
[10,11]. Motional cooling can be achieved by the imbalanced
transition of the resonator Fock states due to the existence
of a spontaneous decay channel. In this work, however, mea-
surement by M, forces the resonator to the ground state in a
nondeterministic way [42,64].

The conventional measurement-induced cooling becomes
inefficient when the temperature becomes higher than a criti-
cal value due to the limited cooling range. We found that the
cooling-by-measurement effect on the ground state |0),,|g) in
the subspace consisting of the resonator and the ground level
of the ancillary system can be sustained or strengthened by
strongly driving the excited level |e) of the ancillary system
and an external level |f). Intuitively, once |e) is occasion-
ally populated by the unwanted transition via the interaction
with the resonator, the extra energy is rapidly pumped out of
the subspace. Formally, the strong driving serves as an extra
measurement of the ground state of the subspace. Then the

cooperation of the existing projective measurement and the
driving leads to the extension of the cooling range to the
high-temperature regime around 100 K.

In conclusion, we provided an external-level assisted pro-
tocol realizing the ground-state cooling of a thermal resonator.
It significantly outperforms conventional cooling by measure-
ment in the high-temperature regime. As an application, the
magnon resonator in the Kittel mode can be effectively cooled
down when T is over 10 K and even 100 K using our protocol.
In addition, a hybrid scheme was proposed to demonstrate an
even better cooling performance in both the average excitation
number and the ground-state fidelity. Our work essentially
provides a general and efficient precooling procedure for the
conventional measurement-induced cooling protocols as an
alternative scheme without using an expensive dilution refrig-
erator. The application range of our protocol for a surrounding
temperature on the order of 100 K might indicate a possible
explanation for the quantum effect in some biological systems
[65]. It also proves that continuous strong driving can simu-
late a Zeno-like effect or projective measurement on a pure
state.
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APPENDIX: COOLING COEFFICIENTS

This Appendix contributes to deducing the cooling coeffi-
cients for the measurement-induced cooling model in Eq. (1).
In a general situation, a nonvanishing detuning A, = w, —
wy, # 0 exists between the resonator and the transition |e) <>
|g) in the ancillary system. In the rotating frame with re-
spect to w,,(b'h + |e)(e]) + wrlf){f|, the total Hamiltonian
becomes

H = Ale)(e| + gn(b'o,, +bo) + gr(of, +0,,) (Al

under the RWA and the resonant-driving assumption, i.e., v =
Wf — We.

Similar to the JC Hamiltonian used in the conventional
cooling method [42], 1-7,/ conserves the excitation number in
the whole system. Then H; is block diagonal in the Hilbert
space. It can be written as

0 gnv/n 0
gm«/ﬁ A 8f
0 8f 0

A" = (A2)

in the n-excitation subspace spanned by {|g, n),|e,n —
1), |f,n—1)}. The free evolution operator during the mea-
surement interval 7 is straightforwardly written as U(t) =
exp(—iH,t). The nonunitary evolution operator under a single
measurement of the ground state [see the argument around
Eqgs. (5) and (6)] is obtained by V,(7) = (g|U(7)lg), yielding
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the cooling coefficient
(1) = (n|Vg(7)|n)

2g§5~2n + e‘i%gfnn(iAe sin 2,7 + 28, cos €,,7)
- 2Q2Q,

9

(A3)

where

~ A2
Q,,E,/g%ln+g§+f, Q=./gn+tg. (Ad

Under the nondriving condition gy = 0, the whole model re-
duces to the JC model [42]. Up to an irrelevant phase factor
originating from various rotating frames, one can check that
@,(7) reduces exactly to

Bu = e "%/*(cos QT + i sin Q.7 cos 26,), (AS)

where

A2 28
Q=g+ 5t = ulgmo, tan20, = gA—ﬁ. (A6)

In the resonant case, i.e., A, = 0, the rotated Hamiltonian
in Eq. (A2) becomes

0 gm/n 0
H" =|gu/n 0 g (A7)
0 8f 0
Consequently, the cooling coefficient becomes
Q2 Q-1
o (r)= +ng’,(cos Q,t — 1) (A8)

2 ’
Qn

as used in the main text. Under the same condition, the cooling
efficient for the conventional protocol is

IBH(.C) = COS(gm\/ﬁ‘[).

In Fig. 9, we plot the cooling coefficients for both proto-
cols with various detunings. We can see in Fig. 9(b) that the
quasiperiodic behavior of the coefficients |B,| for the conven-
tional protocol is not sensitive to the detuning between the

(A9)
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FIG. 9. Cooling coefficients of (a) the driving-assisted protocol
loe|? or |@,|* and (b) the conventional protocol |B,|?> or |B,|* as
functions of the Fock-state index n after a single measurement.
8m/wn = 0.0004, g¢/gn = 50, and w,,T = 700.

resonator and the excited state |e) of the ancillary system. In
contrast, we can see in Fig. 9(a) that |&,| for our protocol no
longer behaves in a quasiperiodic manner. A larger A, yields
a wider cooling range since |&,| decays asymptotically with
n. Thus, the cooling performance of our protocol is lower
bounded by the resonant case with regard to the cooling range.
Then we need to consider merely the resonant case in the main
text.
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