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Abstract: In the past few years, optical cooling and manipulating of macroscopic objects, such as micro-mirrors and cantilevers has developed into
an active field of research. In mechanical systems, the oscillator is attached to its suspension, a thermal contact that limits the motion isolation. On
the other hand, when these small objects are levitated using the radiation pressure force of lasers, the excellent thermal isolation even at room
temperatures helps produce very sensitive force detectors, and eventually quantum transducers for quantum computation purposes. These new
techniques may have avariety of applications for fundamental physics such as short distance tests of gravity and gravitational wave detection at high
frequencies. In addition, there are several proposals suggesting that optically levitated dielectrics can be cooled to the ground state of the center of
mass motion,<br>opening the exciting possibility of creating macroscopic matter-wave interferometers.
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Optical Trapping of Dielectrics
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Optical Trapping of Dielectrics

Ashkin et al. (1970,1971,1976
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® Quality fact / Dloss, larger than 10!

temperature
® I[nternal modes decoupled from CM for small objects

® CM motion C(mll'()”cd l)_v lhc inlcnsily ni' ]ighl
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Optical Trapping Applications

® Atom lnlcl'i‘crmm.‘lr‘v (Nobel Prize 1997, 2001, 2005, 2012)
® Biology

® Quantum Computing
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Towards the Quantum Regime
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Optical Cooling
Doppler cooling
For an atom
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Optical Cooling
Doppler cooling

[For an atom
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Optical Cavity Cooling

For a trapped oscillating
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Outline

® Short Distance Tests of Gravity

® Gravitational Wave Detection

® Sources of High-Frequency Gravitational Waves

® [‘uture Prospects
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Short Distance Tests of Gravity
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Short Distance Tests of Gravity
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® Resonant force detection

® Oscillation iil't’i{llt’llt.‘\’ of the test mass matches the l'rcqucncl\' of the
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® Sensitive to forces as small as 102! N/(Hz) !
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Short Distance Tests of Gravity
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Gravitational Wave Detection

® [ast piece of General Relativity

® Sources:
® Inspirals of astrophysical objects

® Inflation, Phase transitions, etc.
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Gravitational Wave Detection

® [ast piece of General Relativity

® Sources:
® ]nspirals 01‘aslrophysica] ol)jccls

® Inflation, Phase transitions, etc.
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Grawvitational Wave Detection

AA and Geracr (2012)

{Hi

® [‘used silica sphere (r = 150 nm) or disk (d=500 nm, r=75 pm)
sensor in optical cavity of 10-100 m 1in size

® One laser to hold, one to cool and one to measure the position
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Gravitational Wave Detection
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Grawvitational Wave Detection
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GW sensitivity
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Grawvitational Wave Detection
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GW sensitivity
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GW sensitivity
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GW sensitivity
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GW sensitivity compared to LIGO
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GW sensitivity compared to LIGO
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GW Sources in the High Frequency Regime

® Astrophysical Sources:

Natural upper bound on GW frequency

|
— — ~ 30 kHz
Minimum Black Hole Size

® Bc‘v(m(]-lhc—Sl;mdm‘d Model Sources: \A and Dubovsky (2010)

Black Hole Supcr—l':u]i;lm'c
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GW Sources in the High Frequency Regime

® Astrophysical Sources:

Natural upper bound on GW frequency

|
— — ~ 30 kHz
Minimum Black Hole Size

® Bc‘v(m(]—lhc—Sl;mdm’d Model Sources: \A and Dubovsky (2010)

Black Hole Supcr—l':u]i;lm'c

Pirsa: 13060013 Page 29/55



Pirsa: 13060013

Black Hole Superradiance

Penrose Process
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Ergoregion: Region where even ]ighl has to be rotating

P Rut;ltin;‘_‘ Black Hole
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Black Hole Bomb

Photons reflected back and forth from the black hole

and through the ergoregion
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Black Hole Bomb
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Photons reflected back and forth from the black hole

and through the ergoregion
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Superradiance for a Massive Boson
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Superradiance for a Massive Boson
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Gravitational Atom in the Sl{y

Away from the Black Hole: Newtonian Potential

The gravilaliona] I I}-’dl'()gcrn Atom
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Gravitational Atom in the Sky

Away from the Black Hole: Newtonian Potential

The gru\-'ilaliona] I l.vdmgcn Atom
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Superradiance Parametrics
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Superradiance Parametrics
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Superradiance Parametrics
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The Strong CP Problem
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The Strong CP Problem
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The Strong CP Problem
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Evolution of Superradiance for an Axion

Superradiance instability
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Evolution of Superradiance for an Axion

Superradiance instability

Black Hole Accretion taccretion ~ 10% years
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Evolution of Superradiance for an Axion

Superradiance instability
Black Hole Accretion taccretion ~ 10% years
Axion self-interactions

~ . ‘e \ .
(Jl'il\’ll‘\’ wave transitions 01 axions l)Cl\\-’C(.‘l] ]O\-’L‘]S
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Evolution of Superradiance for an Axion

Superradiance instability

Black Hole Accretion taccretion ~ 10% years

Axion self-interactions

~ . ‘e \ .
(Jl'il\’ll‘\’ wave transitions 01 axions l)Cl\VCCI] ]C\-’L‘]S

Gravity wave emission lhrough axion annihilations P
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Evolution of Superradiance for an Axion

Superradiance instability

Black Hole Accretion taccretion ~ 10% years

Axion self-interactions

~ . ‘e , .
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Gravity wave emission lhrough axion annihilations P
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Bose Einstein Condensate in a Trap

The effect of attractive self-interactions
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Spin Gap for the QCD Axion
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GWs from the QCD axion at high frequencies

QCD axion
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GWs from the QCD axion at high frequencies
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GWs from the QCD axion at high frequencies
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Prospects of GW detection with optically
trapped sensors

® Scnsili\-'il_\’ l)cllcr ll]an 10-21 1/1 ];c”2 ulm\'c ~30) ]{l [z
® Rc]ali\’c]_v small size enables GW array antenna dcsign

® [mpl'ovcd GW scnsilivil_v In new rcgimc tor GW astronomy
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Towards the Schroedinger Cat State

Gerheh et al, (2011)
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® [argest object to interfere so far:
S168Ho4F 15008 N4S4 (430 atom organic molecule)
CiresHo4F 15008 N4S4 (4 g
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