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1. Introduction

2. Analogue gravity experiment

3. Nanofluidic environment
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Analogue gravity

EM fields travelling on the Sound waves travelling on a

" 2 o
hackaroinnad flow
I 'u-.-!w._!‘.-”ll:" HOW

S LITTER HHGLIG

W. G. Unruh, Phys. Rev. D 14, 870 (1976)
S. Weinfurtner et al., Phys. Rev. Lett. 106, 021302 (2011)
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Analogue gravity

EM flelds travelllng on the

time metric

W. G. Unruh, Phys. Rev. D 14, 870 (1976)
S. Weinfurtner et al., Phys. Rev. Lett. 106, 021302 (2011)
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Analogue gravity

EM fields travelling on the Sound waves travelling on a

3 - harkarannd flow
spacetime metric background flow

W. G. Unruh, Phys. Rev. D 14, 870 (1976)
S. Weinfurtner et al., Phys. Rev. Lett. 106, 021302 (2011)
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Analogue gravity

EM fields tr ing on the

cetime metric

W. G. Unruh, Phys. Rev. D 14, 870 (1976)
S. Weinfurtner et al., Phys. Rev. Lett. 106, 021302 (2011)
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Surface waves on liquids

Dispersion relation:

) 5 Kk tanh(kd) o: surface tension
@ = (pg + ok®) p: fluid density
« shallow water wave limit

kd <« 1 = tanh(kd) ~ kd

« gravity wave limit
pg > ok?

A> 2n/a/(pg)
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Surface waves on liquids

Dispersion relation:

) 5 Kk tanh(kd) o: surface tension
@ = (pg + ok®) p: fluid density
« shallow water wave limit

kd « 1 = tanh(kd) ~ kd Linear dispersion:

« gravity wazve limit w = ck,with c = /gd
pg > ok

A> 2n/a/(pg)

Pirsa: 23060020 Page 9/76



Dispersive regime

Kmax = \/pg'/(r

d=100 nm
d=100 nm (o=0)

0.2 0.3 0.4
Wavevector k (ym'1)
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Dispersive regime

Kmax = \/pg'/(r
d=10 nm
d=100 nm
d=100 nm (o=0)

0.2 0.3 0.4
Wavevector k (ym'1)

Linear dispersion extends to large wavevectors for small o and large g’
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Effective gravity for surface waves
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Effective gravity for surface waves
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Effective gravity for surface waves

Van der Waals interaction: substrate - fluid

9" =9+ gvaw

3avdw

Gvdw = TETRE

Material a,qy [Mm°s72

Silica 2iEx 10
Cal2 29100 %
sillcont 35 x 10+
Me@ 28 Sl nes

Pirsa: 23060020 Page 14/76



Pirsa: 23060020

Effective gravity for surface waves

Van der Waals interaction:

g’ =g+ngW 1012_\

-2

3avdw

Gvdw = =T

-
o
[£=]

-—
(=]
(=]

Material a,qy [Mm°s™?

Silica™ 265 10
CaF2 225107 1+
Silieon 3.6 5 10 : . .
Mp@ 28 xal(=e 107° 107° 10°° 10°°

Film thickness (m)

acceleration (m.s
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Linear dispersion

w = ck with ¢ =./g/d = [3a, 4, d

Conditions of validity:

+ shallow water wave limit (kd < 1): easily satisfied for thin films
- gravity wave limit (1 » 2n /5 ):
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Linear dispersion

w = ck with ¢ =./g/d = [3a, 4, d

Conditions of validity:

+ shallow water wave limit (kd < 1): easily satisfied for thin films

» gravity wave limit (1 > 2n /5 ): satisfied for large effective gravity

Orders of magnitude

d Amin fmax
2.5 mm 0.001 kHz

50 um 1 kHz
500 um 10 MHz
5 nm 20 GHz
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Linear dispersion

w = ck with e =\/gd = [3a ., d 2

Conditions of validity:

 shallow water wave limit (kd « 1): easily satisfied for thin films

» gravity wave limit (1 > 2n /5 ): satisfied for large effective gravity

Orders of magnitude

d Amin fmax
2.5 mm 0.001 kHz

50 um 1 kHz

10 MH
U UiMite }T~1mK—1K
5nm 20 GHz (T = ha/ky)
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Linear dispersion

w =ck

Conditions of validity:

with e =\/gd = [3a ., d 2

 shallow water wave limit (kd « 1): easily satisfied for thin films

» gravity wave limit (1 > 2n /5 ): satisfied for large effective gravity

Orders of magnitude

d

Cc

Amin

fmax

1000 nm

0.005 m/s

2.5 mm

0.001 kHz

100 nm

0.1 m/s

50 um

1 kHz

10 nm

5m/s

500 um

10 MHz

1 nm

100 m/s

5nm

20 GHz

;

The quantum regime is only accessible to superfluids
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T~1mK-1K
(T = hw/kp)
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A fluid with zero viscosity!

e~ | A S

[ |

g S =5 [
V- A P
I —— | WL
\‘\:_ —— ‘\\ —

: *
low viscosity high viscosity

Iﬁ : viscous boundary layer

Pirsa: 23060020 Page 20/76



A fluid with zero viscosity!

zero viscosity low viscosity high viscosity

d~0 ‘ IJ:viscous boundary layer
L A e e :
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Superfluid “He: an exotic phase

Pressure (bar)

Superfluid

Temperature (K)
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Superfluid “He: an exotic phase

Pressure (bar)

Superfluid

Temperature (K)

Normal liquid
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Superfluid “He: an exotic phase

e sound velocity: c;~ 237 m/s
e density: p ~ 145 kg/m3
e dielectric constant: € ~ 1.056

Pressure (bar)

Superfluid

Unique properties

1 2 3 . "t
Temposranie: (9 e chemically pure: only 3He impurities
¢ sound velocity is highly tunable:

Normal liquid

H
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Superfluid “He: an exotic phase

Pressure (bar)

Superfluid

Temperature (K)

Multiexcitations

Maxons

Rotons

1.0 15
Wave vector g (A™")

e sound velocity: c;~ 237 m/s
e density: p ~ 145 kg/m3
e dielectric constant: € ~ 1.056

Unique properties
e chemically pure: only 3He impurities
e sound velocity is highly tunable:

¢ high thermal conductivity

e ultra-low acoustic loss

e ultra-low dielectric loss

e quantized vortices
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Two-fluid model of superfluid *He

Pirsa: 23060020 Page 26/76



Third-sound

« First-sound: acoustic wave (6p)

« Second-sound: temperature wave (67T

« Third-sound: surface wave on thin films (6 pg, incompressible film)
62

— c;V2E =0, c3=./g'd (inthe low temperature limit)

K. R. Atkins Phys. Rev. 113, 4 (1959)
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Third-sound

« First-sound: acoustic wave (6p)

« Second-sound: temperature wave (67T

« Third-sound: surface wave on thin films (6 pg, incompressible film)
62

— c;V2E =0, c3=./g'd (inthe low temperature limit)

K. R. Atkins Phys. Rev. 113, 4 (1959)
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Third-sound

condensation condensation

evaporation evaporation

+ First-sound: acoustic wave (8p)

« Second-sound: temperature wave (8T)

* Third-sound: surface wave on thin films (8 ps, incompressible film)
62
at—f— V2 =0, c3=,/g'd (inthe low temperature limit)

K. R. Atkins Phys. Rev. 113, 4 (1959)

Pirsa: 23060020 Page 29/76



How can we measure these waves?

Optomechanics (Queensland)

Harris, Nat. Phys 12, 788 (2016)
Sackhou, Science 366 1480 (2019)
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How can we measure these waves?

Optomechanics (Queensland) Optomechanics (Nottingham)

[
e
-~

Harris, Nat. Phys 12, 788 (2016) Bunney, arXiv:2302.12023 (2023)

Sackhou, Science 366 1480 (2019)
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How can we measure these waves?

Optomechanics (Queensland) Optomechanics (Nottingham)

[
N
-~

Harris, Nat. Phys 12, 788 (2016) Bunney, arXiv:2302.12023 (2023)

Sackhou, Science 366 1480 (2019)

Microwave Optomechanics (RHUL)
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Cavity optomechanics Hamiltonian

Environment

EM cavity
kT mode
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Cavity optomechanics Hamiltonian

Environment

EM cavity
kT mode

H = hwgata + hQ,, — hgoata( )
9o = Gx ¢ is the optomechanical single photon coupling strength

% is the cavity frequency shift per mechanical displacement

Xzpf = / " _is the mechanical zero—point fluctuation amplitude

2MeffQm

G=-
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Cavity optomechanics Hamiltonian

Environment EM cavity

2
H = fw)oali'a + Aol C . 4 ncaV gO

Go = Gxgpyist K Ipling strength

% is the cavity frequency shift per mechanical displacement

Xzpf = / " _ s the mechanical zero—point fluctuation amplitude

2MeffQm

G=-
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Variety of design

Suspended macro-
SCOPIC MIFFOrS

Suspended
micro-pillars

Near-field coupled
nanomechanical
oscillators

Suspended
micro-mirrors

Free standing
waveguides

Trampaline
resonators

Optical microsphere
resonator

Suspended
membrane

Micromechanical
membrane In a

superconducting
microwave circuit

Hybrid opto-
mechanical systems.

Photonic crystal
defect cavity (20)

Microtarold

Photonic crystal
nano beam (10)

Semiconductor
microdisk resanator

Double-disk
microresonator

Double string
“Zipper” cavity

Nanorod inside
acavity

Aspelmeyer et al. Rev. Mod. Phys. 86, 1391 (2014)

Cold atoms coupled
to an optical cavity
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Mechanics towards the quantum regime

Aspelmeyer et al. Rev. Mod. Phys. 86, 1391 (2014)
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Mechanics towards the quantum regime

1x1019
1x10°
1x108
1x10/
1x10°
100000
10000
1000
100
10
15
0.1 ik
0.01 "in
Wil ground state ””°":§3"3€3fs'bfe
0.0001 ber
0.00001

O Boulder 2011

|
i
=P Cornell 2010
& EPFL 2011

phonon number

Aspelmeyer et al. Rev. Mod. Phys. 86, 1391 (2014)
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Mechanics towards the quantum regime

1x101°
1x10° _
1x108 optomechanical
1x1 og cooling
1x10
100000
10000
1000 -
100
10

O Boulder 2011

phonon number

i
0.1

0.01 Nim
il ground state ©fong,” oo,
f?a ’b{e
0.0001 Mbe,
0.00001

= Cornell 2010
B EPFL 2011

Aspelmeyer et al. Rev. Mod. Phys. 86, 1391 (2014)
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Mechanics towards the quantum regime

1x1010
1x10° :
1x1 08 opto_mechanlcal
1x107 cooling

1x10°

100000
10000
1000 F
100

10 e
1 ‘ g, O . 011
Mip;

0.01 nim
il  ground state on,”;
0.0001

0.00001

O Boulder 2011

EPFL 2011

- (== Cornell 2010

phonon number

Aspelmeyer et al. Rev. Mod. Phys. 86, 1391 (2014)
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Mechanics towards the quantum regime

1x1010
1x10° :
1x108 optomechanical
1x1 07 cooling
1x10°
100000
10000
1000 F
100
10
1g
0.1} ,
0.01 %
Y3l ground state “ongeo,
0.0001 Umbe,
0.00001

O Boulder 2011

EPFL 2011

phonon number

011

(@<= Cornell 2010

1
n=2 |

I
I
I
A
I
1

o=l

Microwave optomechanics offers:

* large cooperativities (C) and high sideband resolution (Q,, /)

* great compatibility with cryogenic environment at mK temperature
« access to quantum resources: superconducting quantum circuits

Aspelmeyer ef al. Rev. Mod. Phys. 86, 1391 (2014)
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2. Analogue gravity experiment
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Microwave re-entrant cavity — circuit

input coupler (C;y,) output coupler (Coyut)

K = Kipt + Kext

Transmission

Frequency
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Microwave re-entrant cavity - coupling

Cavity resonance frequency:
1

(1)0/217.' = ﬁ
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Microwave re-entrant cavity - coupling

Pillar’s tip:
disk’s diameter ~ 500 ym

Defines the geometry of our
surface wave resonator

Cavity resonance frequency:
1

(1)0/217.' = ﬁ
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Microwave re-entrant cavity - coupling

Pillar’s tip:
disk’s diameter ~ 500 ym

Defines the geometry of our
surface wave resonator

Cavity resonance frequency:
1

(1)0/217.' = ﬁ

Pirsa: 23060020 Page 46/76



Microwave re-entrant cavity - coupling

Pillar’s tip:
disk’s diameter ~ 500 ym

Defines the geometry of our
surface wave resonator

Cavity resonance frequency:
1 1

Vi ~ Jic®

(1)0/277.' =
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Surface Wave Resonator (SWR)

Fixed boundary condition ({,; = 2.4)

Mode shape:

6un(7,0) = Ay cos(u0) (227

Resonant frequency:

Cuv €
N, =
To
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Surface Wave Resonator (SWR)

Fixed boundary condition ({,; = 2.4)

SWR 15t Bessel mode (J,)

Mode shape:

§uv(r,0) = Ay, cos(ub) J, ((‘;1: T)

Free boundary condition

Resonant frequency:
Gy C 102 10 102

. =
m To R [pm]
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Where are we now?

Microwave cavity Copper immersion cell

Experimental progress:

» Development of reliable superfluid leak tight microwave feedthroughs
« Design, fabrication, testing of microwave re-entrant cavities with ym size gaps
» Surface wave resonators with RMS surface roughness ~ 5 nm
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Where are we now?

Microwave cavity

Surface roughness

3?0 350 pm

350 4

pm

Experimental progress:
» Development of reliable superfluid leak tight microwave feedthroughs

« Design, fabrication, testing of microwave re-entrant cavities with um size gaps
« Surface wave resonators with RMS surface roughness ~ 5 nm
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Where are we now?

Microwave cavity

Surface roughness

3?0 350 pm

350 4

pm

Experimental progress:
» Development of reliable superfluid leak tight microwave feedthroughs

« Design, fabrication, testing of microwave re-entrant cavities with um size gaps
« Surface wave resonators with RMS surface roughness ~ 5 nm
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Cryogenic microwave setup

Cryostat Microwave feedthroughs

A RT Preamp

Cryogenic
Preamp

Thermalisation
Clamps

NbTi Coax
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Cryogenic microwave setup

Cryostat Microwave feedthroughs

Cavity transmission at RT

20 dB

10 dB
[1K

e ——

10 dB
[HX

6.97 698
Frequency (GHz)
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What’s next?

Microwave re-entrant cavity
» smaller re-entrant gaps: g,(d)
Um —" nm

* higher resonance frequency: g,(wg)
up to 12 GHz max

 higher quality factor: k
values of k ~ 1 Hz are achievable
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What’s next?

Microwave re-entrant cavity
» smaller re-entrant gaps: g,(d)
Um —" nm

* higher resonance frequency: g,(wg)
up to 12 GHz max

 higher quality factor: k
values of k ~ 1 Hz are achievable

Surface wave resonator

« higher order modes (e.g. whispering gallery modes)
smaller effective mass: mqg < R*/d

optimized coupling to vortices
higher resonance frequency: (1,,
thinner films: gyqw(d), Q. (d)
higher quality factor: [,
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What’s next?

Microwave re-entrant cavity
« smaller re-entrant gaps: go(d) How do we make improvements?

gm — nm
Nanofabrication:

« dimensions (um —» nm)
« surface roughness

higher resonance frequency: g,(w,)
up to 12 GHz max

higher quality factor: k
values of k ~ 1 Hz are achievable

Surface wave resonator

higher order modes (e.g. whispering gallery modes)
smaller effective mass: mq¢ < R*/d

optimized coupling to vortices
higher resonance frequency: (,,
thinner films: gyqw(d), Q. (d)
higher quality factor: [},
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What’s next?

Microwave re-entrant cavity
+ smaller re-entrant gaps: g, (d)

gm — nm

higher resonance frequency: g,(w,)
up to 12 GHz max

higher quality factor: k
values of k ~ 1 Hz are achievable

Surface wave resonator

higher order modes (e.g. whispering gallery modes)

smaller effective mass: mq¢ < R*/d
optimized coupling to vortices
higher resonance frequency: (1,
thinner films: gyqw (d), Oy, (d)
higher quality factor: [},

How do we make improvements?

Nanofabrication:
« dimensions (um —» nm)
« surface roughness

Nanostructured probe

A 2 4

4‘He . '
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3. Nanofluidic environment
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Nanofluidic confinement

University of Alberta Royal Holloway & Cornell University

i

glass - glass silicon - glass

9o X Xzpr X \/h/ (zmeffnm)
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Nanofabrication process
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Superfluid Helmholtz resonator

e

displacement (a.u. )

superfluid velocity (
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Superfluid Helmholtz resonator

Helmholtz resonator Superfluid Helmholtz resonator

Rojas et al. PRB 91, 024503 (2015)
Souris et al. Phys. Rev. App. 7, 044008 (2017)
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Superfluid Helmholtz resonator

Superfluid Helmholtz resonator

Helmholtz resonator

4

5

4
3
A

<
S
®
)
=
Tt
g
<

—r
I
.

Detuning (mHz)

Detuning (mHz)
. Q,, ~ 10° at 13 mK

Rojas et al. PRB 91, 024503 (2015)
Souris et al. Phys. Rev. App. 7, 044008 (2017)
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Superfluid Helmholtz resonator

Superfluid Helmholtz resonator

Helmholtz resonator

4

5

4
3
A

<
S
®
)
=
Tt
g
<

—r
I
.

Detuning (mHz)

Detuning (mHz)
. Q,, ~ 10° at 13 mK

Rojas et al. PRB 91, 024503 (2015)
Souris et al. Phys. Rev. App. 7, 044008 (2017)
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3. Nanofluidic environment
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2D Sonic crystal

Pillars

1d

Unit cell

y
X

Substrate

Spence et al, Phys. Rev. Applied 15, 034090 (2021)
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2D Sonic crystal

Pillars

Substrate NG Superfluid “He

Spence et al, Phys. Rev. Applied 15, 034090 (2021)
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Phononic band structure

Simulation: a;,=100uym ; a,=80 ym ;d =200 nm
o/

Defls ol el ()

N
AE
=3
>
0
&
@
=
o
@
p
LL

I ' X
Reduced wave vector
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Phononic band structure

Simulation: a;,=100uym ; a,=80 ym ;d =200 nm
o/

N
AE
=3
>
0
&
@
=
o
@
p
LL

Reduced wave vector
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Point defect mode shape: pressure field

\J\ KMWJKM/T\_JL

DOOOO QQL

o0 e00006¢N
20000000000060

2000000000000
2000000000000
2000000000000
[ W ¥ ¥V VW ¥V Y ¥V Y VW VW VW ¥

X (um)
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Direct capacitive measurement
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Direct capacitive measurement

bottom
electrode

Scanning Electron Microscope imége ‘
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Conclusion

Analogue gravity experiment with superfluid “He

« large effective gravity, large speed of wave
 zero viscosity, low loss
« quantum fluid, quantized vortices

Microwave superfluid optomechanics

9

« compatible with low temperature environment

» detection/control of excitations at the quantum level

* enable active cooling techniques to reduce phonon occupancies
.... experiment in progress
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Conclusion

Analogue gravity experiment with superfluid “He

« large effective gravity, large speed of wave
 zero viscosity, low loss
« quantum fluid, quantized vortices

Microwave superfluid optomechanics

« compatible with low temperature environment
' » detection/control of excitations at the quantum level
b J * enable active cooling techniques to reduce phonon occupancies
.... experiment in progress

Nanofluidic environment

higher frequency and coupling Thanks for

control over boundary conditions your attention!

atomic scale surface roughness
.. experiment in progress
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