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My Two Years at Caltech

Balanced homodyne readout experiment at 40m prototype «

Planning for LIGO Voyager and Mariner 40m
- Cryogenic silicon upgrade
- Birefringence noise
Dark matter related
- Axion with 40m BHD setup 4=
- Phonon-photon conversion to improve sensitivity
- First DM search papers released

Quantum gravity related
- Geontropic fluctuations ﬁ
- Unstable optical levitation «




Caltech 40m Prototype

e 40 m version of 4 km LIGO

« Demonstration of balanced homodyne readout
(BHR) for LIGO O5
- Quantum non-demolition technique
- What and why”? Ask me later!
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40m BHR Experlment

Lock demonstrated under MI,
FPMI and PRMI configurations,
but not PRFPMI yet

Still not very stable to do detailed
measurements
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OMC for 40m BHR

e |nstalled in Dec 2023, but the one for LHO broken,
so taken out to ship it to LHO

HWP for axion search .
(birefringence noise search)

i i



BHR is also Convenient for Axions

At AS port, amount of LO for axion signal depend
on IFO polarization state, which is not well

understood
By installing a HWP in AS path, + HWP

AS beam

we can switch between GW

detection mode and axion
search mode

LO beam can be used

for both LO beam N

>
OFl
\l OMC
=D
BHD BS
OMC

OMC can also be used to
iInvestigate the mode content of
orthogonal polarization



Geontropic Fluctuations

« Spacetime vacuum fluctuations in quantum gravity
with a scalar field

« Observable (AL) 2 lp ol

I L

« Parametrized by the power of noise «v

Planck length

=1 s
Displacement/ il |
noise peaks at s
odd x FSR/2 ™

D. Li+, PRD 107, 024002 (2023) .



https://doi.org/10.1103/PhysRevD.107.024002

Limit from O3

» Roughlya < 0.1and o < 3(with IR cutoff) at 30

LIGO-Virgo
' o

LI | T T 9
| E

1072 LHO O3 AxB cross-corr.

1\
I From O4, 512 KHz
ADC is available.

We can search at FSRs!

Frequency (Hz)

D. Li+, PRD 107, 024002 (2023) 10



https://doi.org/10.1103/PhysRevD.107.024002

displacement/arm length (/VHz)

Calibrated O4 HF data

 Data from LLO (GpPs: 1367978358 May 13, 2023, 01:59:00 UTC)
« With freq. dep squeezing (-5dB at 2 kHz)

Rough calibration done with Masayuki Nakano and Joe Betzwieser

L1:GDS-CALIB_STRAIN_NOLINES Calibrated OMC DCPD SUM

Not real
below UGF

a=1
with IR cutoff) GWINC Quantum

10t 102 10° 104 10° 11
frequency (Hz)

a=1




Calibrated O4 HF data

 Better SNR at FSRs (¢ ~ 1()_2 should be feasible)
« A and B cross-corr. might give better result if no squeezing
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Exciting high frequency GWSs
e (Can also be used to do other HF physics

- Stochastic, PBH, BH superradiance ...

« Calibration at HF (arm asymmetry?), antenna pattern
function, squeezing characterization ... are also fun for 3G

A. Arvanitaki & A. A. Geraci,
PRL 110, 071105 (2013)

- - . - ~ . F . i -
[ F * . .
K v - . " [ ry e [ [ T
ALY o f 5 i r AT of » P roy .
' of 5 : 1 M r \r if » I "
H Y] - . LA W M L . % K T
o v (] e "\ e L) (] of s Ay
s - o z . . s s 5 .

'F-r.ln'

FIG. 1 (color online). A dielectric nanosphere or microdisk is
optically trapped in an antinode (solid red line) of a cavity of
length €,, at position x,. A second light field with two different
frequency components (dashed blue line) is used to cool and read
out the axial position of the levitated object, respectively. Two
additional beams perpendicular to the cavity axis (not shown) are
used to cool the transverse motion of the sensor. A passing
gravitational wave at frequency wgy displaces the sensor from
its equilibrium position in the optical trap and imparts a force as
described in text. The resulting displacement is resonantly
enhanced when wgyw coincides with the trap frequency wy.
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FIG. 2 (color online). Strain sensitivity for optically levitated
microdisks (black dashed line) or spheres (blue dashed line) for
experimental parameters described in the text. For comparison,
also shown are the LIGO and predicted Advance O sensi-
tivity in the frequency range of 10-300 kHz [25,2ﬁ].lge shaded
region denotes predicted signals due to black hole superradiance.


https://doi.org/10.1103/PhysRevLett.110.071105

Another Test of Quantum Gravity

 |s gravity quantum?

* As a first step, we can verify if quantum entanglement can
be induced by Newtonian gravity

« We found that anti-spring is useful because it will broaden

wavefunctions faster T. Fujita, Y. Kaku, A. Matsumura, YM,
during Tomo’s arXiv:2308.14552

1 visit to Caltech
Large

& Entanglement
\A?g%&/ —> SEA

Small

Entanglement Trap /\/\

— C/ c Anti- -trap

T. Krisnanda+, npj Quantum Information 6, 12 (2020)



https://arxiv.org/abs/2308.14552
https://doi.org/10.1038/s41534-020-0243-y

Can be Done with Optical Levitation

 First, trap strongly to prepare narrow wavefunctions

* And then switch to anti-trap to broaden the
wavefunction fast (this can be done by effectively

switching the cavity geometry)
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Example Setup

To prepare 1 kHz anti-spring for 0.1 mg mirror

d3
1 << n=2.7x10"Bwey, ( m/

Requires T <~1 K and
P <~10"" Pa (as usual)

~1 kHz anti-spring can be created
with intra-cavity power of ~30 kW

Time to generate £, = 102

_1/3
Tent = 4'2wkHz SCC  for free-fall

‘ 300 times faster a =2mm

— —1/3
Tent — ]..3 X ].O 2wkHZ/ SeC laser
for inverted







Productivity

* | need to increase the productivity (as always!)
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Grants

« Applying for 3 (probably +2 more) to prepare for

W vy
o un
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2000

1500

1000

amount of direct cost (man-yen)

500

Kiban B (new)

Birefringence noise

Gakuhen A (last)

2500 -

~ Dark matter

DC2 (200)
Wakate A (1870)

the next JFY Kiban B Co-l (new)
Birefringence mitigation
o \\ B E—— z
- PRESTO (ended) —
| Axions  * : —

BN Houga (290)
BN Kiban B (1340)
BN Houga (490)

W CREST Co-l (1930)
BN Sumitomo (360)

[ Kiban S Co-l (1707, active)
s PRESTO (4000)

BN Gakuhen A (10120, active)
W Kiban A Co-l (80)
BN Kiban B (730, active)

'13 '14 '15 '16 '17 '18 '19 '20 '21 22 '23 '21&25 '26 27
Japanese fiscal year

BN Kiban B Co-l (907, active)

Kiban S Co-l: GW

BN Takuetsu (600, active)
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My Plans for 2024

Achieve 10 Mpc sensitivity with KAGRA

‘Cels vidil Kaumiska togethen!
Re-organize KAGRA future discussions
In-vac PD and QPD for KAGRA

Possibly following or at least think about them
- Silicon birefringence fluctuation measurements
- Characterization of optical levitation mirrors
(in collaboration with ANU)
- Quantum nature of gravity experiments
- Search for various signals in LIGO HF data at FSRs
- Axion optomechanics, long SRC, GW tests of GR ...

UVelunteens welcomed!



KAGRA Visit Last Week

Measured BS transmission & reflectivity for s/p-pol
To better understand p-pol effects

Result (klog 29284):.
Ts=51.9 +/- 0.2 (stat.) +/- 0.2 (sys.) % for s-pol
Rs=47.7 +/- 0.2 (stat.) +/- 0.2 (sys.) % for s-pol
Tp=77.7 +/- 0.6 (stat.) +/- 0.2 (sys.) % for p-pol
Rp=21.8 +/- 0.2 (stat.) +/- 0.2 (sys.) % for p- poI
To be measured again
with better alignment

Measured together with
Takumi Shimasue

(M2 student from
Hotokezaka Group)



https://klog.icrr.u-tokyo.ac.jp/osl/?r=29284
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(Non-Quantum) Research Topics

Better suspension controls
Better length and alignment sensing and controls

Better arm length stabilization

Laser frequency stabilization

Investigate the mechanism for acoustic noises
Investigate effects from birefringence

Measure birefringence noise in sapphire for the first time
Birefringence mitigation schemes
Sapphire Q-value investigations
Magnets and glues for cryogenic
Parametric instability
Underground Newtonian noise
Machine learning based controls




Projects Led by Students

Thermal noise in non-equilibrium steady-state
K. Komori, Y. Enomoto, H. Takeda, YM+ PRD 97, 102001 (2018)

GW polarization test using KAGRA
H. Takeda, A. Nishizawa, YM+, PRD 98, 022008 (2018)

New laser amplitude/phase modulation scheme
K. Yamamoto, K. Kokeyama, YM+ CQG 36, 205009 (2019)

Control scheme using second harmonic beam
KAGRA Collab. (by Y. Enomoto) CQG 37, 035004 (2020)
BABEZFSEFEMNSE

Input optics during O3GK

KAGRA Collab. (by M. Nakano & K. Kokeyama) PTEP 2023, 023F01 (2023)
* Vector dark matter search with KAGRA data
LIGO-Virgo-KAGRA Collab. (written by J. Kume) arXiv:2403.03004
Various research opportunities for studen£§!

> Just the ones I'm involved are listed. Some are submitted/published after graduation



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.102001
https://arxiv.org/abs/1806.02182
https://doi.org/10.1088/1361-6382/ab4489
https://doi.org/10.1088/1361-6382/ab5c95
https://doi.org/10.1093/ptep/ptac166
http://arxiv.org/abs/2403.03004

Gravity Sensing with Levitation

 Measurement of the Earth Tides with a Diamagnetic-

Levitated Micro-Oscillator at Room Temperature
Y. Leng+, PRL 132, 123601 (2024)

PHYSICAL REVIEW LETTERS 132, 123601 (2024)

Measurement of the Earth Tides with a Diamagnetic-Levitated Micro-Oscillator
at Room Temperature

Yingchun Leng®,' Yiming Chen,' Rui Li®,*** Lihua Wang,' Hao Wang,' Lei Wang,' Han Xie,'
Chang-Kui Duan,”** Pu Huang " and Jiangfeng pu* !
'National Laboratory of Solid State Microstructures and Department of Physics,
Nanjing University, Nanjing 210093, China
CAS K ey Laboratory of Microscale Magnetic Resonance and School of Physical Sciences,
University of Science and Technology of China, Hefei 230026, China
3CAS Center for Excellence in Quantum Information and Quantum Physics,
University of Science and Technology of China, Hefei 230026, China
*Hefei National Laboratory, Hefei 230088, China
SInstitute of Quantum Sensing and School of Physics, Zhejiang University, Hangzhou 310027, China .

® (Received 28 September 2023; revised 19 December 2023; accepted 7 February 2024; published 22 March 2024)

The precise measurement of the gravity of Earth plays a pivotal role in various fundamental research and
application fields. Although a few gravimeters have been reported to achieve this goal, miniaturization of
high-precision gravimetry remains a challenge. In this work, we have proposed and demonstrated a
miniaturized gravimetry operating at room temperature based on a diamagnetic levitated micro-oscillator
with a proof mass of only 215 mg. Compared with the latest reported miniaturized gravimeters based on
microelectromechanical systems, the performance of our gravimetry has substantial improvements in that
an acceleration sensitivity of 15 pGal/+/Hz and a drift as low as 61 pGal per day have been reached. Based
on this diamagnetic levitation gravimetry, we observed Earth tides, and the correlation coefficient between
the expenmental data and theoretical data reached 0.97. Some moderate foreseeable improvements can
develop this diamagnetic levitation gravimetry into a chip size device, making it suitable for mobile
platforms such as drones. Our advancement in gravimetry is expected to facilitate a multitude of
applications, including underground density surveying and the forecasting of natural hazards. 26

DOIL 10.1103/PhysRevLett.132.123601


https://doi.org/10.1103/PhysRevLett.132.123601

Simple and COO' (operated at room temp.)
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TABLE I. Comparison of key parameters between this work

and typical relative gravimeters operating at room temperature.

Sensitivity Drift
Gravimeters (nGal//Hz) (pGal/day)
Scintrex CG-5 [9] 2 500
Glasgow MEMS [10] 40 140
HUST MEMS [11] 8 2400
This Letter 15 61
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(a)

Sensitivity

“To put the current acceleration
sensitivity in perspective for
density contrast imaging, an ore
body with a residual density of
2000 kg/m3 and a size of
20x20x20 m? at a depth of 84 m
can be detected in one second.”
(probably iron ore in mind)

Probably limited by
seismic at high freq.

Can we make this eve
smaller?

Optical levitation?
Earthquake alert?

(b)
. ll: Lifting
?IE 1]
S o

Pyrolytic'
graphite .
<

II Levitated
4 | magnet

Acceleration (uGaI/\?-Iz)

T SO R SV
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QG & Measurement Events

« Testing quantum gravity near measurement events
A. Kent, PRD 103, 064038 (2021)

* Proposal to test semiclassical gravity

PHYSICAL REVIEW D 103, 064038 (2021)

Testing quantum gravity near measurement events

Adrian Kent

Centre for Quantum Information and Foundations, DAMTP, Centre for Mathematical Sciences,
University of Cambridge, Wilberforce Road, Cambridge CB3 OWA, United Kingdom
and Perimeter Institute for Theoretical Physics, 31 Caroline Street North, Waterloo,
Ontario N2L 2Y5, Canada

® (Received 3 November 2020; accepted 22 February 2021; published 19 March 2021)

Experiments have recently been proposed testing whether quantum-gravitational interactions generate
entanglement between adjacent masses in position superposition states. We propose potentially less
challenging experiments that test quantum gravity against theories with classical spacetimes defined by
postulating semiclassical gravity (or classical effects of similar scale) for mesoscopic systems.

DOI: 10.1103/PhysRevD.103.064038


https://doi.org/10.1103/PhysRevD.103.064038

Quantized or Semiclassical?

QG and Semiclassical gives different
result even S1 is held

Hold or Release Left or Right

Indeterministic \ J

S1 mass my radius ry S, massm

h

- Casimir effect will not limit us anymore
- 31 and S2 can be much closer

\

o radius 1

S1 held

S1 released

Quantized
gravity

lw() =

5~

1

V2

S (L) + IR | (D) = —=exp(igp1)(IL) +expli(¢r

Semiclassical
gravity
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Summary

Let’s not do any
experiments!
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