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in the field of laser physics”
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Aspelmeyer, M., Kippenberg, T. J., Marquardt, F., 2014,
Rev. Mod. Phys. 86, 1391
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Quantum Science

(macroscopic superpositions,
decoherence, etc)

Materials Science

(extreme stress, phase
transitions, etc)

\&/

o/

10 m-10""m
Levitation across length scales

Non-equilibrium physics

(stochastic processes,
many-body dynamics, etc)

Sensing

(short-range forces, ultra-weak
interactions. etc)

b 4

Levitodynamics: Levitation and control of microscopic objects in vacuum, C.Gonzalez-
Ballestero et al., Science 374, 168 (2021).
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Research Ideas and Methods
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transducer transducer :
ce (f., Q, K1) u signal

7

Tip—surface
mechanical
interaction

Optical mode
a(@,.x

Laser Tlp
l l "N | vibration
>
MeChanicaI mOde b(wm,}l) ” Sample




a PR 3.1, BT R E S e 7o

Research results and applications

& BRHRILBAFMREE: HFRIEDR
® EﬂJ)\ﬂ%&%/ \g[ﬁj]%_*; We

HAMEIREERT LSRR : He = hw.c'c;

RATT  SERAUNE W, AR

probe light
pump light

H,, = 5hw,(p* +q°) |
FFIEIRIE B RS ER e EIEE AR L
H;,, = -hGc'eq
B, G = (w./L)\h/mw,, JHESEE;
- R
H,, = ihE,,(c" = ¢) +ihE, (c"e " — ce'"),

1
H =hA,,c'c+ E?’i(,uj,i,l(p2 +g°) —hGc'eg

+ihE ,, (c" = ¢) +ihE,, (c"e " — ce'"),




a ey =] 3.1, BT I D T

Research results and applications

1
® *Eﬂ Eg mg*h‘_ H =hApucTc + E?’flmm(p2 + qz) — thch

+ihE ,, (c" = ¢) +ihE,, (c"e " — ce'®"),

probe light
pump light

ROHORMAENE h92 = [0,H]
fixed mirror [C, C?] _ 1 [q, P] — ; l
~ dc

e (i 0c+iGeq + Epy+ Epre™™
- + VKexin + VKo fin, LangevinF s
d*q dq 2 ¥
L g Ty temd = oG

@
:
I8
e
=
8

ansatz .c(t) = co+ae +c_e' l

s 10+ (=iA,, + k) + T
h €+ = Fpr (k? = i0)* + (A, +iT')? =2

& HRIER Vo

ZENEF AL
HXRISE]
SEER: RS

®
K
K
o =
EH_)}
5
x




fRFTRkR

3.1, EFZE I EREERFIIE N5

Research results and applications

o A0SR RS TR I

TP T b S

{RigsCie ERATNBEGRIKIT 532 nm BUEDTE,
RETiRAVEEFZ (NA) 79038,

Cin(t) + Cou (1) = V2ke (1)

Cin(1) HAEEHE

(Cour(r)> = Couto t Cr)ur+€_£§f + Cr)ur—ei

= V2k(co + cse” ' + c_e")

ZIEFCFIRLER

=B SR
ScEB: IRISGE

!

Cout+ = V2KC4

5 (kHz)

@& =Y wl e & + RRIAN=N=tp0 M-e =y
o BERME SiiE FHRIZEERIERMER 160 kHz)
12 /7
VaY =. 2
ﬁﬁ(&rﬁi Meff == (—phUW )
- \4
(a)
x10%
25 m @ ——r—7—TT—T—7T—T—T—7T—T
x10-1 |
20 r 8
| |
5 g il :
— f 4 / L !
?'g 1.0 >, // : :
ﬁf scE« 0_5 0 | |
& 0o 2 4 6 8 10 ,J—_— | I
0 | Aw (kHz) | | | |
_5 [ ill‘ [ : :
§_ -05 : : | |
2 10 o |
cI HEEE |
A5 —— VF=8x10"2 (N/m) | ! I
20 L —— VF=0 : : : :
L I f Aw |
_25 1 L 1 1 L 1 1 1 N |__j__J__J___L__|.__|_2_5
200 -160 -120 -80 -40 O 40 80 120 160 200 196 160 164
8 (kHz)



ARk R 3.1, BEFLDFIEERIERUER IR

Research results and applications

@ WA BINGMES

+159.05 kHzIRUIE

@ SINtFm, SEFENESHMZE~1 nm; @

25 mm—m—r—7—T—7——T—T—TTT 7T

RTSHERIERIEE VF ~ 8x 1072 N/m 20 |

15

&

1.0 r

05

0 I Aw (kHz)

o BERIRIIESRENER os |

|
[
[
[
[
-1.0 |
[
[
[
[
[

2kAw 45} —— VF=8x10""2 (N/m)
VF = : b0l —— VF=0
wm

of Aw |

_25 1 1 1 1 1 1 1 L = = |__1__J__;__L__|,__|_2_5

L= =4

200 -160 -120 80 40 O 40 80 120 160 200 196 160 164

1H&A1E, BERRSIE Aw ~ 0.95 kHz 5 (kHz) 9 (kHz)



ARk R 3.1, BEFLDFIEERIERUER IR

Research results and applications
rre-T—-T T

Ale 3E 4kh I A2 == 3 FWHM 2 !

x105

TRIEEY FWHM ~ 0.72 kHz

| |
| |
| |
l 1-0.5
(a) b)
25 "‘IVG5 YYYYYYYYYYYYYY '__F_?_T_T__rlo_‘ | |
I 1 I I
0
2kAw : N | |
V i~ 1.0 N :L I“n ‘I‘I | 0.5 I I
Fx = : N . . ;710
w ‘ Oz ke B0 I'/--ﬂ ! I l1.0
0 ‘ || 115
- o I FWHM I
L N= 1.0 1| !
I%;IEI.I%E: Q ~ 232 s —— VF=8x10"? (N/m) ' "o I I
20 —— YF=0 In ! i '1.5
) e & | |
25 ] - . ' ' : ' e L Tl Tl SR X
200 -160 -120 -80 -40 O 40 80 120 160 20p 156 160 164 | |
VF ~6.06x10° N/m B (kHz) 5 (khz) I I
| |
I 1 2 0
| |
| |
| |
-

HISEIHEEIRYIRTT-HR RS ~ 10 nm, /| |

Hﬂm
1 - — L L L1 2.5
156 160 164

5 (kHz)

Sensitivity ~ 10-8 N




fRFTRkR

3.1, EFZE I EREERFIIE N5

Research results and applications

& HE, QEPFRME, HUKR

IRIKGEAT FWHM ~ 0.16 Hz

C VF ~ ZkAm,

W

EZ0H: Q ~ 108 1

VF ~1.35x102 N/m

SR HERYIRET - REERE ~ 10 nm,

!

Sensitivity ~ 1021 N

FWHM
(101° Torr & 1 mK)

absorption Re(a_,)

-0.035 L
159.999 159.9995

0.005

0

-0.005 |

-0.010 |

-0.015 |

-0.020 F

-0.025 |

-0.030 |

Vacuum

VF=0

160
5 (kHz)

160.0005

160.001



fRFTRkR

3.1, EFZE I EREERFIIE N5

Research results and applications

& HE, QEPFRME, HUKR

PR XS I ERNAYSZ IR

spin_ |_4kksTB
WnQ(Z{ g¢)

e IE == .
TZEE?&-[\'jj %IEJE ! B ZEEIJH\UE Mo,

(Zgsc) BRERNIIHIRE
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The Gravitational Wave Spectrum

Quantum fluctuations in early universe
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Holes in galactic nuclei
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Ostriker & Steinhardt, Science 300, 1909(2003).
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Chameleon potential energy

V) = —22 M7 _ e/ Ruac 1 M, : Mass of the microspheres
4 M - r o - Density of the microspheres
with r . Separation between the microspheres
R,.. :Radius of the cavity mirror
{ ] screened ¢, - Dackground value in the vacuum cavity
W — e : ’ : :
i SMboac] i R? unscreened. :Tr:;i{:r(:g?r& esr:rseiz?fth of chameleon particles with ordinary

Chameleon induced coupling

: X1x2 =~ h 0,0 +04A0L),
" 27 M2rg A B

and
22 M2 1 l;‘l M,;

2 M?2 rS\/M;}'.Jm-E o _2:"1'.':1:{-:‘3 M2z




Methods

d{a) . N : .
71 = — (I Apy +r){a) +1g(5a)(a)
+ $2p + Q;_:r*?_fﬁr .
d? (sA) d(sa) . - 5
Master equations: 22 T Her ¥ sa) — Wiw) +@2) (5B)
= 20w {ﬁ+){ﬁ),
d? (s d (s
di‘?-B} + 12 EHB} F (w5 + W) (sp) — W(w) + w2) (sp)
= —2ow(at)(a).
{Ei(r)) = ao + a+€_fﬁf +a_e'o",
Ansatz: (saA(1)) = sa0 + SA_|_€_55T —+ SA_f?’fﬁr,
(sp(1)) = spo + spyre % +sp_e'°".



Z(I' — x) + Ucwo
:Qpr B ?
Z(I'? — x?) + 2xUwg

.y

Q7, = % + (Apu — g540) lwo,

withl' =k —id. x = 1 Apu—1i1g25sao0.Y; = —82—1']/,*34—@1-24—
U2(i =1,2).Z =YY — V2 (w) +w)>. U =2ig”wY> —
Qfgzllfz(cul —+ o) and s 0. Spo can be resolved by

(wlz + W)s a0 — W(w) + w2)SBO
(wg“ + W) spo — W(w) 4+ @2)540

2gw)wo,

—zglpw[].

The transmission of the probe beam:
pr/ — ——
Q;}r / 25{'

— ] — 2!((?_'_fgzpr.



Chameleon induced splitting
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Fig. 2 The plot of the probe transmission spectrum as a function of by chameleon coupling between objects ¥ can be well recognized in
detuning § — ¢y with different chameleon -matter coupling strength M the spectrum.The other parameters are «»; = 100 kHz, g = 0.25 Hz,

in the conditions of r; = 3 pum. rop = 80 pum. The peak splitting caused Kk =5 x 10% Hz, 2p =1 TH=z
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FIG. 1. Range of available dark matter candidates. Current observations allow for dark matter to
consist of quanta with an enormous range of masses. Here we classify these candidates as particle-
like when m = 1 eV, and ultralight, wave-like dark matter when m < 1 eV. A few prototypical
models are listed as examples.

Mechanical quantum sensing in the search for dark matter, D.Carney, et al., Quantum Sci.Technol.6,
024002 (2021).
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FIG. 5. Constraints on the constant of axion-neutron interaction
under the condition g2, = g2, from the measurement of changes FIG. 6. Limit curve in the @ — A parameter space. Constraints
in the precession frequency [16] (line *m”), from the search for were established via an optically levitated microsphere [68]
violations of the _grz_ivitational iqverse-square la_w [17,18] (line (line 1), differential force measurements [20] (line 2), and
“gr”), from a Casimir-less experiment [19,20] (line “Ca”), from torsion-balance experiments [18] (line 3). The dashed red curve

measuring the forces between protons [34,35] (line “H,”), and
from our work (dashed red curve). The blue region is excluded.
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EERAYTRHALNR, XUFYREENETMERNEEIERMR. (Constraining the axion-nucleon coupling and
nonNewtonian gravity with a levitated optomechanical device, L.Chen et al.,Phys.Rev.D 106, 095007

(2022))

represents our work. The green region is excluded.
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which analysed the lasing modes detuning of a system in the proximity
of an EP. Instead, our protocol relies on adistinction between EPs and
the transmission peak degeneracies (TPDs) observed in the transmis-
sion spectrum of the 77 -symmetric sensor whenitis interrogated via
weakly coupled transmission lines (TLg): is fact has been already
recognized ina previous theoretical woilk?® fgr the analogous concept
of transmissiondips. We pointout thatinthe absence ofloss and gain,
these transmission dips (or peaks in our case) and their associated
degenerate point are related to the recently established concept of
reflectionless scattering modes, which might exhibit an EP degener-
acy?%3'_ Nevertheless, the transmission dips (peaks) and their associated
TPDs in the case of P7 -symmetric systems are not directly related to
thereflectionless-scattering-mode exceptional points.
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