e all course materials posted on my webpage

https://thales.mit.edu/bush/

e will send course announcements via email

e will plan course, problem set according to class demographics


https://thales.mit.edu/bush/

Some leftovers from Lecture 1



e at the time that pilot-wave theory was developed by de Broglie, there was no
macroscopic analog to draw upon.

Now there is.

J can give rise to quantum-like behaviour on the macroscale.

So why not the microscale?



¢ the landscape before PWH: classical mechanics and quantum mechanics

Classical
Mechanics

Quantum
Mechanics




e cnter pilot-wave hydrodynamics

Classical
Mechanics

PWH




¢ has motivated exploration of the Generalized Pilot-wave Framework

GPWF

PWH
HQAs T




¢ has inspired the development of a number of HQFTs
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¢ timescales of bouncing, lateral motion, statistical convergence all accessible
® a macroscopic example of a particle moving in response to its own wave field,

the theoretical description of which is notoriously difficult on the microscale

— e.g. the Lorentz-Abraham-Dirac equation of EM

e connects to a number of hidden-variable theories:

— de Broglie’s double-wave solution, Bohmian mechanics, Stochastic Mechanics
(Nelson 1964), Stochastic Electrodynamics (de la Peria et al. 2018)

e spans wide range of disciplines: experimental & theoretical fluid mechanics,
dynamical systems, connections to equations of EM and QM, history of QM,

philosophy of science

e provides a platform for exploring the boundary between classical and quantum

behaviour
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18.996: Lecture 2

Analogical thinking



Means of comparison and degrees of similitude

II. Physical analogy



an imprecise level of comparison that provides a means of using one system to gain
insight into another

e.g. the road unfurled before me
e.g. the road was a ribbon of moonlight

e.g. the stars are blue and shiver in the distance



A METAPHOR ON STYLE IN SCIENCE

paintings of glodels.of

increasing Increasing

realism realism
PHOTOGRAPHY SUPERCOMPUTING

e capture the essential beauty/truth of a problem
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The new wave of
pilot-wave theoryﬂ o

“If particle physics is the dazzling crown prince of science, fluid mechanics
is the cantankerous queen mother: While her loyal subjects flatter her as being rich,
mature, and insightful, many consider her to be démod¢, uninteresting, and difficult.
In her youth, she was more attractive. Her inconsistencies were taken as paradoxes
that bestowed on her an air of depth and mystery. The resolution of her paradoxes
left her less beguiling but more powerful, and marked her coming of age. She has
since seen it all and has weighed in on topics ranging from cosmology to
astronautics. Scientists are currently exploring whether she has any wisdom to offer
on the controversial subject of quantum foundations.”

- JWMB, Physics Today (2015)



was recently perusing my copy of the

August 2015 issue of PIIYsICS TODAY,

looking in particular at the feature
articles. To my surprise, I read the fol-
lowing as the opening of “ T'he new wave
of pilot-wave theory” by John Bush:

“Tf particle physics is the dazzling
crown prince of science, fluid me-
chanics is the cantankerous queen
mother: While her loyal subjects
flatter her as being rich, mature,
and insightful, l’n‘dl‘l_\’ consider her
to be demodé, uninteresting, and
difficult. In her youth, she was
more attractive.”

| trust that Bush was intending to be

charismatic and appeal to his male read-

ers. However, | was disappointed that he

did not think through the sexist stereo-

types that this writing reinforces. Invok-

ing a metaphor that casts women as the

“cantankerous queens” of science does

not help us to be treated with respect in
the workplace.

Leslie Kerby

(kerbleslaisu.eda)

ldaho State Untversity

Pocatello

The dangers of colorful scientific writing

LETTERS

Walking droplets,
pilot waves, and
word choices

» Bush replies:

[ feel obliged to point out to Leslie
Kerby that in my opening paragraph, 1
was appealing not to my male reader-
ship but rather to the careful reader. The
cantankerous queen mother was a meta-
phor for the field of fluid mechanics, not
women in science. She was, moreover,
cast as the heroine.

John W. M. Bush
Massachusetts Institute of Technology
Cambridge G0



may be drawn between two systems comparable in significant respects owing to
similarities in their essential physics and underlying mathematical structure

fluid mechanics provides a framework for modeling a broader class of nonfluidic
systems, including electromagnetic, optical, quantum and gravitational systems



By a physical analogy I mean that partial similarity between the laws
of one science and those of another which makes each of them illustrate
the other. . .. We find the same resemblance in mathematical form

between two different phenomena.”

—James Clerk Maxwell, On Faraday'’s Lines of Force (185)5).

““Now, as in a pun two truths lie hid under one expression, so in an
analogy one truth is discovered under two expressions. . . Every question
concerning analogies is therefore a question concerning the reciprocal of
puns, and the solutions can be transposed by reciprocation.”

— James Clerk Maxwell, Are there real analogies in Nature? (1856).



My favorite physical analogy






® ~ 1.6180339887. . is called the “Golden Ratio” (8

What do you think is called the “Golden Angle?”

360° X D = 582.5°
=222.5°

Fibonacci
numbers
in nature...




Plant leaves on stems emerge at the Golden Angle.
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Why? To maximize the sunlight received.



Fibonacci spirals in nature




“If you dig deeply enough into anything, you find mathematics.”



Douady & Couder (1991)

What makes this a good physical analogy?



Hurricanes in a soap film

- H.Kellay (2017)

heat and rotate base of a hemispherical soap film

thermal plumes grow from the heated base of the soap film

plumes generate long-lived, large-scale vortices

intensification and relaxation of vortices matches that of hurricanes






® have to date primarily involved wave phenomena

¢ the walking drops represent the first analogs of single-particle QM
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“Light corpuscles generate waves in an Aethereal Medium, just like a stone
thrown onto water generates waves. In addition, these corpuscles may be alternately
accelerated and retarded by the waves.”

- Newton, Opticks (1704)



e contributed to theory of language, music harmony, solid mechanics, medicine,

physiology, light, vision, surface tension

® deciphered the Rosetta stone

o felt that his greatest contribution was convincing the scientific community

of the wave nature of light using




Lord Kelvin (1880)

¢ proposed that subatomic particles
were knots in the ether
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LETTERS (2008)

Linked and knotted beams of light

WILLIAM T. M. IRVINE'-”* AND DIRK BOUWMEESTER’ #

" Center for Soft Condensed Matter Research, Department of Physics, New York University, New York 10003, USA
?Department of Physics, University of Califomia, Santa Barvara, Califoria 93106, USA

*Huygens Laboratory, Leiden University, PO Bax 9504, 2300 RA Leiden, The Netherlands

*e-mail: wi1@nyu.edu

e have created such knots both optically and hydrodynamically



Hydrodynamic analogies of the Casimir effect

* in QM, the Casimir effect gives rise to forces
between objects owing to geometric constraint
on the EM quantum background field

Maritime analogy
(Boersma, AJP, 1996)

Water wave analogy
(Denardo et al. AJP, 2009)




Periodic table of drop vibrations pz= *
(Steen et al., PNAS, 2019)
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The Aharanov-Bohm effect Michael Berry (1990)
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PHYSICAL REVIEW LETTERS 132, 054003 (2024)

Featured in Physics

Editors' Suggestion

yrmions

-~

Water-Wave Vortices and Sk

1.5.6

l 2

A. Smimova

Daria

134 and Konstantin Y. Bliokh

." Franco Nori

e a Skyrmion is a topologically stable field configuration that arises in models of
the neutron and also in string theory




PHYSICAL REVIEW LETTERS 132, 054003 (2024)

Featured in Physics

Editors' Suggestion

Water-Wave Vortices and SKyrmions

. . 1.2 e 134 . : 1,5.6
a A. Smimova®,” Franco Nori®, and Konstantin Y. Bliokh@""™"
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Superfluids (e.g. low temperature He)

e quantum phases of matter in which atoms condense into a single macroscopically
occupied quantum state

e described in terms of inviscid fluid mechanics
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e circulation is quantized: vorticity appears discretely, and vortex lattices may form

Electron bubble

e when an electron is injected into superfluid He, the result is a bubble whose
radius is set by a balance between the quantum pressure and surface tension



Polaritons *

¢ a quantum hybrid of light and matter formed by shining light onto specially
layered materials

e the resulting substance is a hybrid of light and matter: " quantum fluids of light’

¢ ring-pumped polarity condensate displays giant quantum vortices

Alperin & Berkoff (2021)



Quantum fluids of light: polaritons flow over a defect
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FIG. 19, Examples of real-space polariton densily paticms for
coherently pumped polariton condensates Howing in the rightward
dircction against a defect al rest. The delect 1s localed at the center
of each panel. Upper left panel is for the noninteracting polariton
regime of Figs. 18(a) and 18(h). Upper-right pancl is for the
superfluid regime of Figs. 18(e) and 13(f). From Carusotto and
Ciuti . 2004, 'The lower-left panel 1s for a supersonic Fow regime of
Figs. 18(c) and 18(d). The lower-right panel illustrates the zebra-
Cherenkov etfect in the vicinity of a paramerric instahility; the
corresponding k-space emission puttern is shown in the inset. From
Ciuti and Carusora, 20005.

Carusotto & Ciuti (Rev. Mod. Phys. 2013)
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A walking droplet



A

a quantum system of particles in which the lowest energy state is one in which the
particles are in repetitive motions

proposed by Wilczek (2012) as a time-based analog of common crystals
"no-go’ theorems proved quantum space-time crystals in equilibrium are impossible

various experiments (in BECs and spintronic systems) found time crystals



Time crystals *

Historical precedent: Faraday waves Physics Today
Coftfee stains,

THE OLD
LITERATURE




General relativity (Einstein 1915)




Analog gravity (Unruh et al. 1980s —)




Analog Gravity - Kellay & Rousseaux (2019)
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Analog Gravity
Gy ol Siena ™ ChuscalVghupaes
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Figure 2. The Rosetta Stone of Analogue Gravity estahlishing the matching between General Relativity, Condensed Matter
Systems and Classical Hydrodynamics [5,14,18,26—58]. (Online version in colour.)
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Walking droplets as single-particle GR analogs

® have to date only involved wave phenomena, not single particle analogs

Photons near a rotating black hole
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HALF TIME



How can you judge?

The similarity of the mathematical descriptions.

Establishing this similarity is easily done in fluid mechanics,
for which all systems are described by the Navier-Stokes equations.

Relies on assessment of relevant dimensionless groups.



® the cornerstone of laboratory modeling in hydrodynamics

® arises between two physical systems when strict mathematical equivalence
1s achieved between them



ON SIZE AND LIFE

THOMAS A MCMAHON AND IDOHN TYiFER BONMNER
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The laws of Nature cannot depend on an arbitrarily chosen system of units.
A system 1s most succinctly described in terms of dimensionless variables.

For a system with physical variables (e.g. density, speed, length, viscosity)
describable in terms of fundamental units (e.g. mass, length, time, temperature),
there are dimensionless groups that govern the system.

Translation of a sphere



Variation of with
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¢ the deduction of the dimensionless groups governing a physical system

1) minimizes number of parameters governing a physical
system (thus facilitating experimental modeling)

2) occasionally yields scaling of physical variables directly

If there is only one dimensionless group, it must be constant.



If there 1s only one dimensionless group, it must be constant.
| |

E.g. Pendulum

Physical variables: M

Fundamental units:

:> system prescribed by one dimensionless group

Note: finite amplitude oscillations require consideration of



A

If there are two physical constants in the Universe, @ and
what 1s the natural frequency of oscillation of a drop of radius ~ ?

If there are two physical constants in the Universe, @ and
what 1s the natural frequency of oscillation of a particle of mass ?






0.66 MS.

Can we predict R(t) ?

Given R(t), can we infer
the energy released?




- G.I. Taylor, Sedov

Physical variables:

Fundamental units:

system prescribed by one dimensionless group:

yields desired scaling for radius of the blast cloud:



s 165

9.3

e
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e arises between two physical systems when those systems are
described by the same dimensionless parameters

e allows one to model (impractically large or small) physical systems
in a laboratory setting

SN Sargean
[Sturpesn Ol Sul muvnd

Dimensional analysis yields

U may be deduced from experimental modeling

with miniature subs (and high U to match Re)

e results can be scaled up to deduce drag D and power required DU
for a submarine to cruise submerged at a given speed



e one wants to know wind-induced pressure distribution
around a building (e.g. the John Hancock tower)

deduced from lab experiments

¢ must match Re for dynamic similarity: miniature models
require the use of high laboratory wind speeds U

e bacteria swim with

since

e dynamic similarity can be achieved in a lab-scale
setting (a ~ Scm) by increasing fluid viscosity




¢ motion of atmosphere and oceans influenced by earth’s rotation

e dimensionless groups are the Rossby and Ekman numbers:

¢ dynamic similarity in lab experiments (a ~1m) requires high




e arises when two systems have precisely the same mathematical description

e one system may be understood directly in terms of the other

e arises when dynamic similarity is achieved in fluid systems, but also arises
more broadly...



Observation of Bohm trajectories and quantum potentials of
classical waves Physica Scripta (2022)

Georgi Gary Rozenman' ©, Denys 1 Bondar' &, Wollgang P Schleich® " @, Lev Shemer” @ and Ady Arie’

Table 1. Bohmian mechanics of classical surface gravity water waves motivated by its quantum
counterpart. Here tand x denote time and space, whereas 7 and £ are dimensionless transverse and
propagation coordinates. In this transition [27] from a quantum wave to a classical surface gravity wave
we makethe replacements i > 1,i —» — iandm — 1/2,

Quantity Quantum mechanics Surface gravity water waves
Complex-valued function wave function ¥Xx, ) surface envelope A(T, &)
Propagation coordinate t 3
T'ransverse coordinate X T
‘ .y O F2 oy -O0A 02
Wave equation i == 2 Toe = oo
S, . d _ % 1 g d _ 1 s,
—_ _— — - —
Guiding equation w0 = tim{——tel  dr@—am{ o 2a)
1 Gl U ! 1 o?
1 a = ————|® = ——=
Quantum potential Q o To T 0] Q Y leAl




Observation of Bohm trajectories and quantum potentials of
classical waves

Georgi Gary Rozenman' 7, Denys 1 Bondar' @, Wollgang P Schleich® ", Lev Shemer” @ and Ady Arie’

Q [AV]
QAU
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xm] ales! i
Figure 2. Experimentally obtained surface g avity water wave evolutions (top) and corresponding quantum potentials (bottom) of
Lwo shitfa), (Oyand three shitik ), (D) envdepes |A]. Bright and dadk colors rellect nghand lew values, and the color bar umls are
millimecers. The Bohm rajectories indicated by dashed lines in the 2D-inensity plet underneath (a), (b)and follewing from
equation (2}, run inthe valleys of the landscape formed by the quantum potentials (¢, {d). The tall mountain ranges lead to low
amphiides | AL A key dilfe e between the twao shiland three diresults s the darkoslaned apparent in the 212 plat of () whach the
Bohm wajcctericsscem toaveid, and the corresponding craser in the envelepe, both ofwhich result frem an addidonal mountain at
the center of the quantum peotentsal (d).
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Bose-Einstein condensates
e a gas of Bosons in the same quantum state, describable with the same wavefunction

e cvolves according to the Gross-Pitaevskii or non-linear Schrodinger equation:
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NONLINEARITY

¢ nonlinearity gives rise to term analogous to gravity in shallow-water hydrodynamics
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Observation of Faraday Waves in a Bose-Einstein Condensate

P. Engels” and C. Atherton
Washington State University, Department of Physics and Astranomy, Pullman, Washingtan Y9164, [75A

M. A Tloefer

National Institute of Siandards and Technology, Boulder, Colorado 80305, USA
(Received 29 November 2006; published 26 February 2007)

Faraday wavcs 1n a cigar-shapcd Bosc-Einstoin condensate arc created. It 1s shown that periodically
modulating the 1ransverse confinement, and thus the nonlinear interactions in the BEC, excites small am-
plitude longitidinal oscillations through a parametric resonance. It is also demonstrated that even without
the presencc of a continwous drive, an initial transverse breathing modc cxcitation of the condensate lcads
10 spontan2ous pattern formarion in the longimdinal direction. Finally, the affects of stronply driving the
transverse hreathing mode with large amplitude are investigated. In this case, impact-ascillator hehavinr
and intriguing nonlinear dynamics, including the gradual emergence of multiple longitudinal modes, are

ubserved.
Faraday waves in BECs 150 Hz
2
2 70 I h 3
2|8 — (=) K| kR 21 H.
m | R\ 2m 321 Hz
< — >
125 um
o o ° FIG. 1. In<trap 2bsorptiom images of Paraday waves i a G
DlSpEl’SlOH I‘elathn Frequency I'.:hc:s for :'.l.:'1 imugu.rcpr:scm lh-.')driv ng frequency

at which the transverse trap confinemen: 1s moduloted.



Vortices in rotating BECs and stratified flows *

Zwierlein
(Nature, 2021)
30 (e
[1G. 1.  Spontaneous crystallization of an interacting Bose-
Einstcin condensate in an artificial magnetic field.
(«r) (D)
Bush & Woods

(JFM, 1999)



Inviscid, incompressible flows Electrostatics
Vid =0

u=V>o E=Vo

® source-sink flows ® fields from point charges

® flows near walls identical to electric fields near insulating boundaries
n-voé =0

Mathematical methods directly transferable

® method of images, superposition, Gauss’s Law, complex potentials



Static heat equation {  Vorticity equation for
unidirectional flows

® vorticity evolves as a passive scalar

Rayleigh-Stokes First
\ and Second Problems

N

|



Vortex dynamics Magnetic induction equation

dw

0B

—+u-Vw=w-Vu+rV% + =4+u.VB = B.Vu+4,V’B
ot : 4]
Rapidly rotating flows +  Strong background field
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Gravitoelectromagnetism

in limit of weak spacetime curvature (weak gravitational fields)

GEM equations Maxwell's equations
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Lorentz force

GEM equation EM equation
Fg = (Eg + v X 4Bg) Fo=¢q(E + v x B)



® exists when two systems exhibit identical statistics

¢ the underlying dynamics need not be the same



Eg. 1 Friedel oscillations

Eg.2 Corrals




Quantum particles Bouncing droplets
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Statistical description Statistical description
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. Underlying dynamics
Underlying dynamics

An Exposed Variable Theory



Corrals




Quantum particles Bouncing droplets

Hidden Variable Theory



® exists between any physical systems whose dynamics and statistics may be

described rationall
y e.g. all classical systems



e cxists between any physical systems whose dynamics and statistics may

be described rationally e.g. all classical systems

e precludes the need for philosophical extravagance; for example, a
revision of our notions of reality (see Lecture 3)

® the bar for success is very low for the HQA venture: we need only convince
ourselves that QM is philosophically similar to classical mechanics

® but our demonstrations of statistical similarity (in addition to the historical
precedent of QM pilot-wave theories) would seem to suggest the possibility of
there being a physical analogy with pilot-wave hydrodynamics

* as the walking droplets provide physical analogies for both QM and GR, they
may be the analog system with the greatest range of scales



“"One is invited to believe that the macroscopic and microscopic worlds are
separated by a philosophical chasm so deep that there is no hope of ever finding
one's way across. In the depths of the abyss, profound and obscure, lurk the
Impossibility Proofs. To those who cannot see beyond strict mathematical
equivalence, one must concede that bouncing droplets are not quantum particles.
To those with the relatively modest goal of establishing philosophical equivalence
through physical analogy, the walking-droplet system has extended a speculative
bridge from the macroscopic towards the microscopic, and linked with a structure
emerging from the other side, the modern extensions of de Broglie's pilot-wave
theory. Rickety though this bridge may be, under construction, it offers striking
new views to workers from both sides.”






