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Open PhD and Postdoc positions at UC Davis!

Funding — Noyce Foundation, Department of Energy, Hertz Foundation, Keck Foundation, NSF
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Kalogera, George Winstone, Aaron Wang,
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MIT: Evan Hall, Swadha Pandey

PTB Berlin: Wolfgang Killian

Clarkson University: Shane Larson

U of Washington: Masha Baryakhtar

Stanford: Mae Teo, Aharon Kahputalnik
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LIGHT AND ULTRALIGHT BOSONS

Beyond the Standard Model Physics | Strong CP violation (axion) | Dark matter candidates |
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Exploring ultralight bosons connects fundamental theory, cosmology, and lab-based precision measurements
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PRECISION MEASUREMEN

probe deeper into the universe via
really faint GWs

look for dark matter candidates like
WIMPs and axions

new physics at low-energy lab scales
Also: GWs emitted by dark matter?

\J

e
e

~

# of PhD Theses

S KEY




PRECISION MEASUREMENTS
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TODAY’S TALK
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AXION PARAMETER SPACE - MASS
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Adapted from http://pdg.Ibl.gov/2015/reviews/rpp2015-rev-axions.pdf




AXION PARAMETER SPACE — SOURCE AND COUPLING

Source Coupling

Only experiment to directly test for nuclear couplings mediated by QCD axion in the lab
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AXION-MEDIATED INTERACTIONS BETWEEN
NUCLEONS

o

Uss X gs5,9s, Upp X Gp, 9y,

Refs: https://journals.aps.org/prd/abstract/10.1103/PhysRevD.30.130



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.30.130

MONOPOLE-DIPOLE FORCES DUE TO AXION
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Refs: 2010.03889, https://journals.aps.org/prd/abstract/10.1103/PhysRevD.30.130, https://www.science.org/doi/10.1126/sciadv.abm9928, 2006:12508, 1801.08127



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.30.130
https://www.science.org/doi/10.1126/sciadv.abm9928

ARIADNE EXPERIMENT CONCEPT

Source

Quartz block with
superconducting shield

Squid
pickup
loop

Ellipsoid 3He cell

nlgdgp (1 1\ I
U = z
o) = G2 (s )

*  Spins in hyperpolarized Helium-3 gas

* Transverse modulation by rotating a wheel with
gear shaped pattern

*  NMR-like transition if modulation matches He
Larmor frequency

* Axion field doesn’t obey Maxwell’s equations, SM
fields shielded using a superconductor
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PARTS FINALLY DELIVERED AFTER MANY YEARS DELAY!

Motor Assembly
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STATE OF THE ART IN g, 9,
A
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Search for PQ axions
10%eV <m_ <1073
eV

probe into the PQ
axion parameter
space with ~ 108
improvement over
previous techniques
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https://arxiv.org/abs/2010.03889

ARIADNE SUMMARY

®* New spin-dependent forces mediated by QCD axion
® Only experiment looking for axion interaction with nucleons

® veV to meV mass range

® Searches for axion independent of DM paradigm by looking for axion-

mediated interactions between two SM particles instead of axion interacting

with one SM particle

17






Characteristic Strain
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GWS ABOVE THE AUDIO BAND?

Stochastic
background

IPTA

eLISA

Extreme mass
ratio inspirals

Massive binaries

10 -10

Frequency / Hz

http://www.ctc.cam.ac.uk/activities/UHF-GW.php

Members: Nancy Aggarwal, Mike Cruise,
Valerie Domcke, Francesco Muia, Fernando
Quevedo, Andreas Ringwald, Jessica Stenlechner,
Sebastien Steinlechner
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MISSED OPPORTUNITY FOR MULTI-MESSENGER PROBES




_|_

1. UHFGWs provide direct window to inflation (ie pre CMB)
2. No vanilla astrophysical sources above 10 kHz (BBHs, BNSs, NSBHs)

I

No astrophysical foreground

I

Directly probe cosmology below foreground OR be blocked by exotic sources

2]



FUTURE GW DETECTORS BEYOND THE AUDIO BAND FOR

PARTICLE ASTROPHYSICS

Aggarwal, N., Aguiar,
O.D., Bauswein, A. et al.
Challenges and
opportunities of
gravitational-wave
searches at MHz to GHz
frequencies. Living Rev
Relativ 24, 4 (2021).
Also see

https:/ /arxiv.org /pdf /25
01.11723
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OSMOLOGY

SOURCES LEGEND

BBN bound

Inflation (extra-species)
Inflation (effective field theory)
Inflation (scalar perturbations)
Preheating

Oscillons

Phase transitions

Cosmic strings

Metastable strings

Gauge textures

Cosmic gravitational _,
microwave background



NUMEROUS INTERESTING SOURCES & PROMISING TECHSI!

0.75 m interferometer 4 magnon

Aggarwal, N., Aguiar, ' | SOURCES LEGEND

holometer

O.D., Bauswein, A. et al. _1sl ,
Challenges and | === Neutron stars

. L[] m ] . .
opportunities of % e . Primordial BHs
gravitational-wave ’ = T ' : :

_20 O ] Exotic compact objects
S <
searches at MHz to = z _
GHz frequencies. Living & (I (= Superradiance (annihilation
Q i

. — > .

Rev Relativ 24, 4 37 - Superradiance (decay)

IAXO

2501.11723 a0l

(2021). 25

Also see : \ 2

https:/ /arxiv.org /pdf/ % &
\
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OPTICAL TRAPPING

K. Schakenraad e

24



GW DETECTOR USING OPTICAL TRAPS

Arvanitaki and Geraci,

h
PRL110,071105 (2013
AL=7L,  Axq=AL  Axs =X o

” h
AxGW — AXS — Axa — E (XS — L), maximized at X — 0

L
FGW = MQ% AxGW =M Q%E ho COS .Q.th

25



OPTICAL TRAPPING FOR GW DETECTION

Axion mass (eV)

5% 10711 10710 2x10710 5x 1071
=17 1 | 1 | 1 1 | 1 1 1 1 1 1
* Network of 10 |
L W PBH mergers <0.1 M g (1 kPc) """ L=1m, disc
miniature GW 18] el Superradiance 1 Mo (10 kPo) == L=1m, stack
de’rec’rors "'"-..,_ Superradiance 3 M o (10 kPc) —+ L=10m, stack
— L =100 m, stack
* Uses optically 107"
levitated objects &
N 20
* Tunable Zz 10
[ ] -E
detection g
) % 10
frequencies
10—22
10—23

Searching for new physics with a
levitated-sensor-based GW detector
Aggarwal et al PRL 128, 111101




SCIENCE CASE

BH Superradiance

Primordial black holes

¥

_——_

Deborah Ferguson, Karan Jani, Deird
Georgia Tech, MAYA Collaboration

emaker, Pablo Laguna |

Masha Baryakhtar
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LIMITING NOISE: GAS DAMPING AND PHOTON
RECOIL HEATING

*Spr =4 M(kgT v, + Ry
® Limit on resonance ({1 = Q7),

1 Arvanitaki and Geraci

11
(h W ySC T kBT yg) PRLHO 071105 (2013)

S ~

16
temperature Tl length L I . .



GEOMETRY AFFECTS SCATTER

plane wave incident: E=1Vm!%coskz

* Sphere scatters light

in all directions

* Disk scatters light in
the beam direction
(low ¥sc)

* Numerical
simulations of
scattering from
disks show low
scattering loss,

hence low recoil

heating Si02 Sphere (d=300 nm)

NaYF Hexagon (d=4 um, T =200 nm),
300 times more mass

Aggarwal et al arxiv:2010.13157 Phys. Rev. Lett. 128, 111101,
Winstone et al arxiv:2204.10843 Phys. Rev. Lett. 129, 053604

29




INCREASE MASS WHILE KEEPING SCATTER LOW?¢

* Stacked disks to increase mass (high /)

Is such a stack trappable?
: .. 5
Modified 1. What is the transmission through the stacks?
wavelength 2. What is the field inside the stack?
A== 3. What is the trapping frequency /stiffness?
4. Can these things be fabricated in the lab?

Aggarwal et al arxiv:2010.13157
Phys. Rev. Lett. 128, 111101 30




TRAPPING OF FLAT OBJECTS IN THE LAB...




TRAPPING OF NAYF HEXAGON PLATES

B1 hexagonal prism

XY

=
o
®

6,6,

PSD (arb)
[
<

104
Hz
B2 hexagonal prism

Winstone et al arxiv:2204.10843 Phys. Rev. Lett. 129, 053604



STATE OF THE ART IN OPTICAL TRAPPING

@® Plates

| Sy Q20N & o (nswot) |
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Winstone et al arxiv:2204.10843 Phys. Rev. Lett. 129, 053604




DAVIS IFO LAYOUT

Jonathan Varghese, Andrew Laeuger

Manage interplay between tight
mode matching constraints
alongside real-estate constraints
inside vacuum chamber

Stear multiple beams
Mode-match multiple beams

Large footprint & proximal
launchers




FULLY RELATIVISTIC DETECTOR RESPONSE AND NOISE

0T antinode-senser A€ 10 GW and mirror motion, z, = L /100

— G""IT — Iﬂpllt I'l'iiITl"JI'
End Mirror ~ === x 7!
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Z

Magnitude

0.5 1.0 1.5 2.0
0 ‘."rE-EFSR, ﬂp_g;'{ =2rx1 111,"'1-':..- % 150MHz

OQpgr =2mr x 1 m/L x 150MHz arxiv2604.07302

Laeuger et al, Gravitational wave signal and noise response of an optically levitated sensor in a Fabry Perot Cavity
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DM TELEVISION SUMMARY

* New initiative for building
high-frequency GW detectors

* Network of miniature radio-
frequency GW detectors

* Based on optical levitation

* Tunable resonance in the 10-
300 kHz range

* Will set independent limits on
axions from blackhole
superradiance and primordial
black holes

® Surprisesl!!

36
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MOST SENSITIVE DISPLACEMENT MEASUREMENT

T
Measured noise (O3) ®  Output beam jitter
— Sum of known noises ® Scattered light
10_17 —7 Quantum ® Laser intensity
——== Thermal ® Laser frequency
Seismic ® Photodetector dark
Newtonian ® Output mode cleaner length
~— Residual gas ® Penultimate-mass actuator
® Auxiliary length control ®  Stray electric fields
= 1n—18 ‘ ® Alignment control 01
E 10 £ i ® [nput beam jitter 02
~
Ei |
»
é V"’ i r
_ <
=101 - » ' L
- L/ e
v & .
10—20 1% 2
. - } "
n“ S——— i ®
® a U :‘. PO LD # o —a J e 3
101 103

Frequency [Hz]

A. Buikema et al. Phys. Rev. D 102, 062003 (2020)



GWS INFORM ASTROPHYSICS AND COSMOLOGY

Planck+BAO

anomalous GW speed

0.50 0.6 ; ’
0.25 0.3 /
T 0.00 5 = 00
~ > Il
= 251 o)
¥ 0.25 X —0.3-
e ar =0, ay =0.35 &
s —0.501 — 0 =0, ay = 0.28 -
- oy w0 —0.61
" — =0, ap = 0.19 B Gal 5
—0.751 o 0, i = 0,00 i B Gal 4
i —— vGal 5 (CMB+BAO) YL Gal 3
0.0 0.5 1.0 1.5 2.0 0.00 006 0.12 0.18 024 030 0.36

ay(z=0)

FIG. 1: Left: time evolution of the tensor speed excess a, as a function of redshift for 300 different realizations of viable
quintic Galileon cosmologies. Only quintic fine tuned cases (colored) predict a,(z = 0) & 0. Right: 1, 2 and 30 confidence
regions of the parameter space w.r.t. Planck+BAO for cubic (red), quartic (blue) and quintic (green) Galileons, projected on

the a,(z = 0),a,,(z = 0) plane. Gray diagonal lines indicate the region disfavored by CMB-LSS cross correlation, measuring
the ISW effect (see [33] for details). Models with a,, < —1 (gray filled region) have unstable tensor modes.
Biggish bang: artist's impression of a . . .
« 300 different theories ruled out by a SINGLE measurementl!!!
neutron-star merger (Courtesy: NASA) . B

Updated 2020-09-02
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern 40


https://physicsworld.com/wp-content/uploads/2018/04/gw170817.png

THE CANDIDATE SIGNAL

e Scalar coupling to SM Lagrangian:

d,
Lit D —\/4nGng {d,,,vm(,?e — Z( ik F’“’} :

e Modulates fine structure constant and mass of electron:

2
(dpm = mpme /h
= A, cos (Qpmt)

A.,,,(, COS (QDI\I f)

41



IMPACT ON SOLID OBJECTS

due to change in Bohr radius and bond
howm(t) = — i ( 9 Y
lengths)

a4 Me

42



A.

B.

IMPACT ON GW DETECTORS

due to change in Bohr radius and bond
lengths

(ignore change in refractive index due to
small contribution)

Modulation of thickness of beamsplitter
o Can be measured at dark port of Michelson (shown in GEO600)

© hDM(t) = Garm
Modulation of

o Can be measured by comparing frequency fluctuations of reference
cavities w.r.t. suspended cavities — typically one of the auxiliary channels

of a GW detector

Larm h

lps WD)

43



WHERE IS THE REFERENCE CAVITY?

= f:;r_:a'."u‘_ .
fused :Srf.'f:‘ﬂ
cavity

FIG. 1: AdSEEEE - INoise
in the solid = ' A
signal that

appear on t - SR optic
""""""""""""""""""" T Ee g \ /)
' modulator s to
{ J ' =] thiS
MUusses
:7 . Input test
Masses

Relative frequency shifts will show

laser
e E .f g Il ° ° ofe
o G oot up in this auxiliary channel
MHz '
| ] |
suspended main interferometer

modecleaner
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PROJECTED UPPER LIMITS (COUPLING)

Mass [eV/c?] Mass [eV/c?]
A% AT 6 A5 3 A2 A\
0 10 10 10 \} \ 0
! ! ! ! 10! ———s X - S X - —— -X - | Hall, E and Aggarwal, N
\ Advanced LIGO, LISA,
10° | | and Cosmic Explorer as
dark matter transducers,
10-! 2022, arxiv 2210.17487
1072F
107°F

GO cavity (03) LIGO beamsplitter (O3)
104 == LIGO cavity (O3; Hanford only) == LIGO beamsplitter (O5)
== LIGO cavity (thermal) “= CE beamsplitter

10—5 n
1 I 1 I ‘ 10_5

\O’A \0’3 \0’2 \0"‘ 10’ X\ 0z 10°
Frequency [Hz] Frequency [Hz]

m= Upgraded cavity (thermal) == GEO600 beamsplitter (O3)
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CROSS-CORRELATE BETWEEN TWO LIGOS

Swadha Pandey .

Evan Hall
* Cross spectral density S, (Q) = Sym(Q) : : B
P Y Oh oM Estimator histogram
*  Spm(Q) < coupling constant |d_+d__|? 10_1; 1 ormees
] m—
1072;

10 5 0 * 0
Refp] f

Outliers?
SHr(2)

P= VSHH(@)S 11 (2) 46

Optimal estimator for correlated search between detectors:



SUMMARY LIGO ULDM

® Repurposing GW detectors as DM detectors
® Many other DM searches use LIGO

® Reference cavity is the only method that is
® sensitive below 10 Hz.

® Extracting science out of auxiliary channels

®* Compares frequency fluctuations in a solid cavity with those in a free-space

cavity to obtain differential noise suppression

47



SUMMARY

® Dark matter spans a huge mass range
® Scalar bosons span an even larger mass range (may or maynot be DM)
®* Experimental strategies at different masses look different.

® Our group is working on three of them combining tabletop and kilometer-
scale experiments across quantum optics for precision displacement /frequency

measurements and cryogenics for precision magnetic field measurements.

® Thank you!

48
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Opening / Big Picture (3 slides)

Title / hook slide — “Probing the Invisible: Ultralight Bosons in the Lab and Beyond”
Figure: Conceptual schematic of “particle — weak signal — experiment”
Motivation: why ultralight bosons matter

Takeaway: Physics beyond the Standard Model; dark matter candidate

Figure: mass vs coupling cartoon

Problem statement / challenge

Takeaway: Signals extremely weak; need tailored detectors

Figure: simple cartoon: “signal invisible without precision tools”

51



2. Conceptual Map / Regimes (3 slides)

Observable-based classification — static force vs oscillating field vs radiated signal
Figure: table or schematic

Parameter space illustration — axion mass (log scale), highlight ARIADNE, LIGO, LSD
coverage

Figure: single mass-axis diagram

Field types & couplings — pseudoscalar vs scalar, connection to detectors

Figure: simple legend or cartoon

Ly



3. ARIADNE: static-force example (3—4 slides)

Physics motivation / mass range (LeV—meV)

Figure: cartoon showing short-range force

Observable & experimental principle — spin-dependent force detection
Figure: simplified schematic

Key technical challenge / noise limitation

Figure: magnetic noise plot or illustration

Optional recent result slide — magnetic noise characterization

Figure: data / example result

Tip: Keep ARIADNE short; purpose = framing and credibility.

LX



7. Unified view / summary (3—4 slides)

Parameter space recap — all three regimes together

Figure: final “mass — observable — detector” diagram

Take-home message — “Precision experiments can access previously unreachable
physics”

Optional team photo / group overview — humanizes talk

Optional future directions / open questions — small bullets

54



4. Transition to low-mass / direct detection (2 slides)

Why lighter mass requires different observables — signals become coherent

oscillating fields

Figure: cartoon: static — oscillating field

Introduce LIGO / ULDM / dilaton

Takeaway: Low-mass scalar DM detectable via strain / frequency shifts

Figure: schematic LIGO arms with oscillating signal overlay

55



5. LIGO / ULDM / scalar DM (4-5 slides)

Phenomenology of scalar DM — frequency, coherence time

Figure: frequency spectrum cartoon

Signal in detector — strain / effective measurement

Figure: simplified strain vs time diagram

Noise & sensitivity argument — what limits detection

Figure: plot of sensitivity curve

Optional recent result 1 — LIGO projection or analysis

Optional recent result 2 — alternative mode / ancillary calculation

Tip: One core takeaway: “Field is directly detectable, not astrophysical.”

56



6. LSD / BH superradiance (6—7 slides)

Motivation / mass range (~10711 eV)

Figure: mass-axis zoom-in

Black hole superradiance signal — simplified explanation

Figure: cartoon BH + boson cloud

Detection principle: levitated sensor — observable in lab

Figure: schematic levitated system

Main noise source & mitigation strategy

Figure: noise budget schematic

Projection / sensitivity figure — LSD reach for axion/BH mass

Figure: sensitivity vs mass plot

Optional recent result 1 — latest measurement / calculation

Optional recent result 2 — ancillary optomechanics or system characterization
Tip: This is the deep technical core; keep the audience oriented via repeated “observable — detector” reminders.

57
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Characteristic Strain

10 -12

10 -16

10 -18

10 -20

10 -22

10 -24

10 -26

GWS ABOVE THE AUDIO BAND?

Stochastic
background L
fiees \ \ I\l NWH H\‘u M\M I
/\/\/ v LR M «kﬂm
eLISA
Massive binaries
Supermassive
binarie: Resolvable galactic
binaries
Extreme mass
ratio inspirals
10 108 10° 10+ 10?2 10° 10° 10 10°

Frequency / Hz

1. UHFGWs provide direct window

to inflation (ie pre CMB)

No vanilla astrophysical sources
above 10 kHz (BBHs, BNSs,
NSBHs)

1. No astrophysical foreground

2. Directly probe cosmology
below foreground OR be

blocked by exotic sources

Aggarwal, N., Aguiar, O.D., Bauswein, A. et
al. Challenges and opportunities of
gravitational-wave searches at MHz to GHz
frequencies. Living Rev Relativ 24, 4 (2021).
Also see https://arxiv.org/pdf/2501.11723
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TWO LEVITATED SENSOR GW DETECTORS

lllll

-----

* Network of miniature GW detectors
* Uses optically levitated objects
* Tunable detection frequencies

Searching for new physics with a

levitated-sensor-based GW detector
Aggarwal et al PRL 128, 111101




SCIENCE TARGETS

Blackhole Superradiance

Primordial black holes

¥

_——_

Deborah Ferguson, Karan Jani, Deird
Georgia Tech, MAYA Collaboration

emaker, Pablo Laguna |

Masha Baryakhtar
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EFFECT OF GRAVITATIONAL WAVES ON LEVITATED SENSORS

Transverse-Traceless Gauge
Free masses stay at fixed coordinates, distance hetween coordinates changes through the

metric g, (t) = 1 + h, (t) and light coordinate velocity is v = c(1 — h(t)/2)
*Coordinate velocity dictates internal field phase accumulation

b
56 (a,b)(t) = % (b—a) + %f h(t — (b — x')/c)dx’

Antinode-Particle Displacement (Relativistic Treatment) NN

Andrew Laeuger

Locally-Lorentz Gauge _

*Free mass at L, displaced by L, h(t)/2, distance between coordinates unaffected
eInternal field phase accumulation affected by mirror displacement, modified light coordinate
velocity, and localized gravitational redshift [Rakhmanov 2005]

Solve steady-state system of equations to find E (x, t), then find maxima in |E (x, t)]* to
calculate displacement of cavity antinodes, and with h, (t) = h coswt :

h(L —L;) 1wl
5xparticle—antinode — 5 (coswt + ET sin wt)

Laeuger, Aggarwal et al, in prep



OPTICAL COUNTERPART OF A WEBER BAR

h h Arvanitaki and Geraci,

PRL110,071105 (2013
AL=7L,  Axq=AL  Axs =X o

h
AxGW = AXS — Axa = E (XS — L), maximized at X — 0

L
FGW = MQ% AxGW =M Q%E hO COS Qth
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LIMITING NOISE: GAS DAMPING AND PHOTON
RECOIL HEATING

*Spr =4 M(kgT v, + Ry
® Limit on resonance ({1 = Q7),

1 Arvanitaki and Geraci

11
(h W ySC T kBT yg) PRLHO 071105 (2013)

S ~

16
temperature Tl length L I . .



GEOMETRY AFFECTS SCATTER

plane wave incident: E=1Vm!%coskz

* Sphere scatters light

in all directions

* Disk scatters light in
the beam direction
(low ¥sc)

* Numerical
simulations of
scattering from
disks show low
scattering loss,

hence low recoil

heating Si02 Sphere (d=300 nm)

NaYF Hexagon (d=4 um, T =200 nm),
300 times more mass

Aggarwal et al arxiv:2010.13157 Phys. Rev. Lett. 128, 111101,
Winstone et al arxiv:2204.10843 Phys. Rev. Lett. 129, 053604




INCIFRANKG SERAPERVENAMEN EARAPPABIIIHY T:OW?

w

Is a stack trappable?
1.

What is the transmission through the
stack?

. What is the field inside the stack?

What is the trapping frequency/stiffness?
Can these things be fabricated in the lab?

€ IMnass
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IMPROVED SENSITIVITY

Axion mass (eV)

5x 10711 10-10 2 x10°10 5x 10710
-17 | ] | ] 1 L1 1 1 1 1 1 1
10 |
I PBH mergers <0.1 M g (1 kPc) L =1m, disc
ot ~-.,.... I Superradiance 1 M o (10 kPc) == L =1m, stack
e L =100 m, stack
10_19 .ltll.....

Strain (Hz~1/2)
=
A

—_—
o

—_—
|
]
b
|

10—23 4

10° 10

Tancarnsansry (TT2)
ricyucic y (1rizj

Aggarwal et al arxiv:2010.13157 Phys. Rev. Lett. 128, 111101
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TRAPPING OF FLAT OBJECTS IN THE LAB...




TRAPPING OF NAYF HEXAGON PLATES

B1 hexagonal prism

XY

104
Hz
B2 hexagonal prism

Winstone et al arxiv:2204.10843 Phys. Rev. Lett. 129, 053604




STATE OF THE ART IN OPTICAL TRAPPING

@® Plates ‘ —
| Sy HOK o i |
'"“E“ @ Shere . & @ Sphere ! O 280 kHz
=11] | q - : |
. @ 30 kiiz k- O 30 kiz
2 105500y, z 10°f @® 30 kH
T okl = 280 kHz g
= 4kHZ . 100H S @33 kHz
31072} 100 Hz 21021
= o © —
e i 200 Hz
T P TR 1074 g
10 -19 -16 -13 -10 10-19 10-16 10-13
10 10 10 10
M (kg)

Nthermal = (_) 2 pT

2T

(]/g o 1/pT) Nrecoil = (

Winstone et al arxiv:2204.10843 Phys. Rev. Lett. 129, 053604




HEXAGONS TRAPPED IN CAVITY
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OPTOMECHANICS SIMULATIONS
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NEED A NEW CUSTOM SIMULATION PACKAGE

Counter-propagating dual beam

d KA

Phase accumulation
only important when

d~A
High-reflectivity

Perturbative Cavity Mode

Finesse only has one
laser

Only scattering
force is important

d>~ A

Phase accumulation important for
d < A due to cavity and due to
R > w from gradient force

~1 transmission -> strong subcavity
coupling

Split cavity, non-perturbative

Trapping laser noises need to be
added ad-hoc in finesse

Both gradient and scattering force
are important

Andrew Laeuger

Laeuger, Aggarwal
et al, in prep
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TREAT MEMBRANE AS A PAIR OF MOVING MIRRORS?

Corbitt et al, PRA 2005

Laeuger, Aggarwal et al, in prep
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SENSOR LOCATION AFFECTS CAVITY RESONANCE

Subcavity Powers
A(Lc B Lt B L’s) _
c

nkL,/2m

0.3 0.5 0.7 =09 B

kLeft subcavity)é

n(k + Afc)Lg ¢ —nkLg

(Right subcavity)

Xend
Input mirror Dielectric slab End mirror

 the sensor produces a non-negligible effect on
the cavity fields!

Laeuger, Aggarwal et al, in prep 75



WHAT IS THE OM COUPLING?

Optomechanical Coupling for Thin Dielectric

Trans.
Detector response to sensor . Power
motion often characterized by the . Lowest
coupling 9o = dw./0¢¢. | N ggjgx_
Perturbation theory: ‘. ot
. . . . S A ex
inserting dielectric — Order
resonant frequency — ' : Approx.
Sw 1 [d37'8e@NEo(F ) Vs — i
Cc ~ —— . R/ , (bf.‘tra}.').‘lov\r
) 2 PE N CIAY: R — ;=030
c f o(7") ¢;=0.60m
¢f:0.907r
o o o ¢f:1.20ﬂ'
Deviations occur at just ~100 nm —— ;=150

— further evidence of — ¢;=180r

nonperturbative physics.

Laeuger, Aggarwal et al, in prep 76



LIGHT-MATTER INTERACTION: FORCES

Stability of radiation-pressure particle traps: an optical

Mathematical framework for simulation of quantum fields in complex interferometers

Earnshaw theorem using the two-photon formalism

Thomas Corbitt,! Yanbei Chen,®3 and Nergis Mavalvalal

A. Ashkin and ]J.P. Gordon ILIC'O Laboratory, wusetts Institute of Technology, Cam MA 02139
) 2 H ite of Technology, Pc C 5
Bell Laboratories, Holmdel, New Jersey 07733 "Maz- 5t itationsphysik, Am Mihlenberg 1, 14476 Golm, Germany

Received June 6, 1983
but that is not necessary to our argument. On inserting

this development for ¢ into the expression for F;, we
obtain ¥; = F; + ¥, where

F, = (1/4)grad(E* - X' - E), (3)
— A Pk, rf . ..

Fs (I/Q)Im{xJE aE/@ﬁ«;}. (4) as the carrier quadrature field, and j(2) is the sideband

These are the general expressmns for the Gradlent force component at angular frequency §).
One can see that

Also see: Also see:
* A. Ashkin, J. M. Dziedzic, J. E. Bjorkholm, and Steven Chu, 1986 * Jackson, E&M
* P. C. Chaumet and M. Nieto-Vesperinas, 2003 * A Xuereb, 2009

* Giuseppe Pescel,Philip H. Jones, Onofrio M. Marago, Giovanni Volpe, 2020
*  Winstone, Grinin, Bhattacharya, Geraci, Li, Pauzauskie, Vamivakas, 2024



PUTTING IT ALL TOGETHER: LEVITATION FREQUENCY

Forces on Sensor, L; = 0.3\/n, P, =300mW Trap frequencies, P, = 300mW

Rad. Pressure Force
Frp <0
0.00 0.25 050 0.75 100 125 L50 175 2.00

L. [A\/n]




PUTTING IT ALL TOGETHER: SYSTEM RESPONSE

Transfer Functions to Reflected Port

Full system response includes

* Trap laser g
* Sensor S
=
i COOIing/SenSing Iqser 107 38600 38650 38700

nitude [Z/ m]

—
wn
w2
5]

=

o=
g
=
9]
=]
=
=
=
=)
&0
I
=

38650 00 38600 38650 38700
Frequency [Hz] Frequency [Hz]

Next: detector noise budgets and optimal operational parameters
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AXION POPULATION
SIMULATIONS

Z



GALACTIC AXION CLOUD POPULATION

1. Fix the axion mass; assume 108 BHs in the Milky Way

2. Of these, how many will have an axion cloud?

N
a —= GMBH,H/hCB 106_

Superradiance when:

asm A 10°,
2 1+ \/1_)(2 104:
1000

Sprague et al. Phys. Rev. D 110, 123025 (2024)

35 40 45 50 55 6.0 6.5

Jacob Sprague

px10""" eV
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GW STRAIN DEPENDS ON MANY PARAMS

h
102
24| _
107 * Calculate strain
| for each cloud.
1077 -
0] i 1 .N=06
I % . N = 7
1072 .n=8
: N-g Example for u =
1027 3x 10 eV
10‘28;-
10_29:_ Sprague et al. Phys. Rev. D 110, 123025
S S ——— (572 (2024) .
138 139 140 141 142 143



p RESOLVABLE SOURCES
500

. u=3x10" eV
_ . u=35x10"" eV
100; : , ' . u=4x10" eV

Saltge o

L

50 : g . u=45%10" eV
- 3 : . u=5x10"" eV
. i . u=5.5x10" ev
L | " fow (kHz)

14 16 18 20 22 24 286

Sprague et al. Phys. Rev. D 110, 123025 (2024) 83



hg Teon (Hz™"*)

10—19
1020,
102"

10722

ﬁ

-_--"""'---.

UNRESOLVEABLE SOURCES

_3x10 M ev

I

_35x10"" eV
—4x10" eV
—45x10" eV

ak

.

—5x107"" eV
—55x10"" eV
—6x10" eV

102,

\

6.5x10° 1" eV

15 20 25

Sprague et al. Phys. Rev. D 110, 123025 (2024)

30

f (kHz)
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