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DISCUSSION AND CORRESPONDENCE
A CASE OF SYNCHRONIC BEHAVIOR IN
PHALANGIDE

A ReCENT article in this journal by Wallace
Craig on “Synchronism in the Rhythmic
Activities of Animals” recalls to mind an ob-
servation that I made near Austin, Texas, in
1909. At the time of the observation I made
some field notes from which the following de-
scription is taken.

While engaged in hunting various species
of rock lizards I located a vast colony of
“ harvestmen,” which I identified as belonging
to the genus Licbunum, resting during the
day on the under side of an overhanging shelf
of rock on a precipitous hillside. In a some-
what circular area of nearly five feet in diam-
eter the harvestmen were packed closely to-
gether in almost unbelievable numbers. I esti-
mated that there were between one and two
thousand in the colony. When I first saw
them they were all hanging from the ceiling,
as it were, perfectly motionless, but when I
came within about six feet of them they began
a curious rhythmic dance. Without changing
their foot-holds they raised their bodies up and
down at the rate of about three times a see-
ond, and, curiously enough, the movement of
the entire lot was in the most perfect unison.
This performance was kept up for over a
minute and then stopped gradually as though
from exhaustion. I then poked a few of the
nearest individuals with a stick and these
immediately resumed the rhythmic up-and-
down movement, which spread quickly over
the whole group, but died down in less than
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beginning, but became so after a few seconds.

Possibly synchronic flashing in fire-flies may
be explained as the result of a somewhat sim-
ilar transmission of stimuli. One flach stimu-
lates others, which at first might lag slightly;
but soon a synchronism is built up in a limited
region, such as one bush or one tree. Such a
synchronism might be transmitted to a whole
field.

It would be interesting to know whether any
other naturalist has observed the type of be-
havior herewith deseribed for the Phalangide.

H. H. NEwMAN
Uxivessity oF CHIOAGO

THE SUPPOSED SYNCHRONAL FLASHING OF
FIREFLIES

T was very much interested in reading the
article by H, A. Allard, entitled “The Syn-
chronal Flashing of Fireflies,” which appeared
in Sciexce, November 17, 1916. Some twenty
years ago I saw, or thought I saw, a synchronal
or simultaneous flashing of fireflies (Lampy-
ride). I could hardly believe my eyes, for
such a thing to occur among insecets is cer-
tainly contrary to all natural laws. However,
I soon solved the enigma, The apparent phe-
nomenon was caused by the twitching or sud-
den lowering and raising of my eyelids. The
insects had nothing whatsoever to do with it,
Many times in the past twenty years I have
proved that my solution was correct.

Puamip LAURENT

TRIMMED MAGAZINES AND EFFICIENCY
EXPERTS

Steven Strogatz

The naturalist, Hugh
Smith, who had lived in
Thailand from 1923 to
1934 and witnessed the
displays countless times,
wrote in exasperation that
"some of the published
explanations are more
remarkable than the
phenomenon itself." But he
confessed that he too was
unable to offer any
explanation...Strogatz,
sSync, p.



https://www.instructables.com/id/Synchronizing-Fireflies/
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https://tinkerlog.com/howto/synchronizing-firefly-how-to/

Kuramoto Oscillators
(Yoshiki Kuramoto, &4

animatel
= ListAnimate[Table[ListPlot[(Table[{Cos[8[, t]], Sin[8]i, t]]}, {i, 1,20}]
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Original drawing of Christiaan Huygens
illustrating his experiments with two
pendulum clocks placed on a common
support.

Christiaan Huygens (1629-1695)



A1l A letter from Christiaan Huygens to his father,
Constantyn Huygens!'

26 February 1665.

While I was forced to stay in bed for a few days and made observations on my
two clocks of the new workshop, I noticed a wonderful effect that nobody could
have thought of before. The two clocks, while hanging [on the wall] side by side
with a distance of one or two feet between, kept in pace relative to each other with
a precision so high that the two pendulums always swung together, and never varied.
While I admired this for some time, I finally found that this happened due to a sort of
sympathy: when I made the pendulums swing at differing paces, I found that half an
hour later, they always returned to synchronism and kept it constantly afterwards, as
long as I let them go. Then, I put them further away from one another, hanging one
on one side of the room and the other one fifteen feet away. I saw that after one day,
there was a difference of five seconds between them and, consequently, their earlier
agreement was only due to some sympathy that, in my opinion, cannot be caused
by anything other than the imperceptible stirring of the air due to the motion of the
pendulums. Yet the clocks are inside closed boxes that weigh, including all the lead,
a little less than a hundred pounds each. And the vibrations of the pendulums, when

I' Translation from French by Carsten Henkel.
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Lord Rayleigh described the interesting phenomenon of
synchronization in acoustical systems as follows:

When two organ-pipes of the same pitch stand side by
side, complications ensue which not unfrequently give
trouble in practice. In extreme cases the pipes may
almost reduce one another to silence. Even when the
mutual influence is more moderate, it may still go so far
as to cause the pipes to speak in absolute unison, in
spite of inevitable small differences.

On 17 February 1920 W. H. Eccles and J. H. Vincent applied
for a British Patent confirming their discovery of the
synchronization property of a triode generator — a rather
simple electrical device based on a vacuum tube that
produces a periodically alternating electrical current.... Eccles
and Vincent coupled two generators which had slightly different
frequencies.and demonstrated that the coupling forced the

/s ..e. systems to vibrate with a common frequency

The synchronization phenomenon was used to stabilize the frequency of a

powerful generator with the help of one which was weak but very precise.



Balthasar van der.Pol (1889-1959)

EM.F., E,sinwt, is applied to it, currents and
potential differences occur in the system the fre
quencies of which are whole submultiples of the
frequency of the applied E.M.F., e.g. «/2, w/3, w/4 up
to w/40,

To this end one can iake use of the remarkable
synchronising properties of relaxation-oscillations,

Fie. 1.

7.e. oscillations the time period of which is determined
by the approximate expression T'=w/2C R, a relaxa-
tion time (Balth. van der Pol, “On Relaxation
Oscillations,” PPhil. Mag., p. 978, 1926 ; also Zeitschr.
- hochfreq. Technik, 29, 114 ; 1927).

Let Ne in Fig. 1 represent a neon glow lamp,
I a resistance of the order of a few megohms, C a
variable condenser of ap-
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up to 1000/40 sec,”!. In some recent experiments it
was found possible to obtain a frequency demultipli-
cation up to the ratio 1:1/200, Often an irregular
noise is heard in the telephone receivers before the
frequency jumps to the next lower value. However,
this is a subsidiary phenomenon, the main effect being
tho regular frequency demultiplication. It may be
noted that while the production of harmonics, as with
frequency multiplication, furnishes us with tones
determining the musical major scale, the phenomenon
of frequeney-division renders the musical minor scale
audible. In fact, with a properly chosen ‘fundamental’
@, the turning of the condenser in the region of the
third to the sixth subharmonic strongly reminds one
of the tunes of a bagpipe.

In conclusion, we give in Fig. 2 the measured time
periods (which are thusg found to be a series of
discrete subharmonies) as a function of the setting of
the condenser C. The dotted line in the figure gives
the frequency with which the system oscillates in the
absence of the applied alternating E.M.¥. The
shaded parts ecorrespond to those settings of the
condenser where an irregular noise iz heard. In the
actual experiment the resistance R was, for ease of
adjustment, replaced by a diode. The experiment,
however, succeeds just as well with an ohmic resistance
. Obviously the same cexperiment, succeeds with all
systems capable of producing relaxation-oseillations
such as described in the papers quoted.

BavrH. vAN DER PoL.
J. VAN DER MARK.
Natuurkundig Laboratorium der
N. V. Philips’ Gloeilampenfabrieken,
Eindhoven, Aug. 5.



Many classical synchronization phenomena in Nature
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Synchronization

A Universal Concept in Nonlinear Sciences

Not synchronization!

—( ) —

The pendulum is not a self-sustained system and cannot oscillate continuously:
being kicked, it starts to oscillate, but this free oscillation decays due to friction
forces.

Synchronization is different from resonance



Difference in frequency of two coupled oscillators
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Synchronization of a self-sustained cold-atom oscillator

H. Heimonen,! L. C. Kwek,»>*# R. Kaiser,” and G. Labeyrie>*

ICentre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, Singapore 117543
2Institute of Advanced Studies, Nanyang Technological University, 60 Nanyang View, Singapore 639673
3National Institute of Education, Nanyang Technological University, 1 Nanyang Walk, Singapore 637616

*MajuLab, CNRS-UNS-NUS-NTU International Joint Research Unit, UMI No. 3654, Singapore
SUniversité Cote d’Azur, CNRS, Institut de Physique de Nice, 06560 Valbonne, France

M (Received 29 January 2018; published 5 April 2018)

Nonlinear oscillations and synchronization phenomena are ubiquitous in nature. We study the synchronization
of self-oscillating magneto-optically trapped cold atoms to a weak external driving. The oscillations arise from a
dynamical instability due the competition between the screened magneto-optical trapping force and the interatomic
repulsion due to multiple scattering of light. A weak modulation of the trapping force allows the oscillations of the
cloud to synchronize to the driving. The synchronization frequency range increases with the forcing amplitude.
The corresponding Arnold tongue is experimentally measured and compared to theoretical predictions. Phase
locking between the oscillator and drive is also observed.

DOI: 10.1103/PhysRevA.97.043406
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response spectrum (arb. units)

Synchronization of a self-sustained cold-atom oscillator

H. Heimonen,! L. C. Kwek,»>*# R. Kaiser,” and G. Labeyrie>*

ICentre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, Singapore 117543
2Institute of Advanced Studies, Nanyang Technological University, 60 Nanyang View, Singapore 639673
3National Institute of Education, Nanyang Technological University, 1 Nanyang Walk, Singapore 637616

*MajuLab, CNRS-UNS-NUS-NTU International Joint Research Unit, UMI No. 3654, Singapore
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Quantum Synchronization

week ending

PRL 112, 094102 (2014) PHYSICAL REVIEW LETTERS 7 MARCH 2014

Quantum Synchronization of a Driven Self-Sustained Oscillator

Stefan Walter, Andreas Nunnenkamp, and Christoph Bruder
Department of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland
(Received 26 July 2013; revised manuscript received 16 October 2013; published 6 March 2014)

Synchronization is a universal phenomenon that is important both in fundamental studies and in
technical applications. Here we investigate synchronization in the simplest quantum-mechanical scenario
possible, i.e., a quantum-mechanical self-sustained oscillator coupled to an external harmonic drive. Using
the power spectrum we analyze synchronization in terms of frequency entrainment and frequency locking
in close analogy to the classical case. We show that there is a steplike crossover to a synchronized state
as a function of the driving strength. In contrast to the classical case, there is a finite threshold value in
driving. Quantum noise reduces the synchronized region and leads to a deviation from strict frequency
locking.

DOI: 10.1103/PhysRevLett.112.094102 PACS numbers: 05.45.Xt, 42.65.-k, 07.10.Cm

d A A A A Al
= —i[=AB'b +iQ(b — 57).p] + 7, DBy

+ 12 D[b°]p,



Quantum Van der Pol or Quantum Stuart-Landau

Classical Van der Pol Equation

d?x dx
— —u(l—2)—=+x=0
proial S i

2 Y1 > )2

d tps s . )
P = —i[Abtb+iF(b— 1), p] + Dl + 12D
Quantum Van der Pol Equation?
Strictly speaking: this Equation is a A _ A At 1 AT A
guantum version of the Stuart D[O]’O QPO . 2 {O O, /0}
Landau Equation....behavior of For_m'CVOSCOIO'C derivation:
nonlinear oscillator near Hopf ArXiv: 1711.07376

bifurcation



Quantum Synchronization

week ending

PRL 112, 094102 (2014) PHYSICAL REVIEW LETTERS 7 MARCH 2014

Quantum Synchronization of a Driven Self-Sustained Oscillator

Stefan Walter, Andreas Nunnenkamp, and Christoph Bruder
Department of Physics, University of Basel, Klingelbergstrasse 82, CH-4056 Basel, Switzerland
(Received 26 July 2013; revised manuscript received 16 October 2013; published 6 March 2014)

Synchro
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possible, i.
the power s
in close analogy to the classical case. We show that there is a steplike crossover to a synchronized state
as a function of the driving strength. In contrast to the classical case, there is a finite threshold value in
driving. Quantum noise reduces the synchronized region and leads to a deviation from strict frequency
locking.

DOI: 10.1103/PhysRevLett.112.094102 PACS numbers: 05.45.Xt, 42.65.-k, 07.10.Cm
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PRL 111, 234101 (2013) PHYSICAL REVIEW LETTERS # DECEMBER 2013

Quantum Synchronization of Quantum van der Pol Oscillators with Trapped lons

Tony E. Lee and H. R. Sadeghpour

ITAMPE Harvard-Smithsonian Cen
(Received 26
The van der Pol oscillator is the p
nonlinear behavior in biological and o
affect phase locking of one or many 1
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DOE: 1001 103/ PhysRevien. 111234101

The van der Pol (vdP) oscillator was ongu
cewed in 1920 to describe nonlinear behavior 1
tube circuits [1]. Since then, it has been the
countless works, and 15 now a textbook model in
dynamics [2]. As the prototypical self-sustained
that can phase-lock with an external drnve or
oscillators | 3], the vdP oscillator has been used
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FIG. 2 (color online). Wigner function for an oscillator with
extemal drive E = k. (a)—(c) Classical limit with x> = 0.05k,:
(a) W, (b) W, and (c) both W, (black, dashed line) and W, (red,
solid line) after integrating out |a|. (d)~(f) Same, but for the
guantum hmit with k, = 20k,.
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Quantum synchronization of two Van der Pol oscillators
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Squeezing Enhances Quantum

Synchronization

PHYSICAL REVIEW LETTERS 120, 163601 (2018)

Squeezing Enhances Quantum Synchronization

Sameer Sonar,] Michal Hajdu§ek,2‘* Manas Mul(h(=,rjee,2’3'4 Rosario Fazio,s‘ﬁ"2 Vlatko Vedra],7‘2
Sai Vinjanampathy,"”" and Leong-Chuan Kwek>*%°
]Department of Physics, Indian Institute of Technology-Bombay, Powai, Mumbai 400076, India
Centre for Quantum Technologies, National University of Singapore, 3 Science Drive 2, 117543 Singapore, Singapore
3Department of Physics, National University Singapore, Singapore 117551, Singapore
*MajuLab, CNRS-UNS-NUS-NTU International Joint Research Unit, Singapore UMI 3654, Singapore
5ICTP, Strada Costiera 11, 34151 Trieste, Italy
®NEST, Scuola Normale Superiore and Instituto Nanoscienze-CNR, 1-56126 Pisa, Italy
7Depanment of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, United Kingdom
8Institute of Advanced Studies, Nanyang Technological University, Singapore 639673, Singapore
National Institute of Education, Nanyang Technological University, Singapore 637616, Singapore

® (Received 29 January 2018; published 17 April 2018)

It is desirable to observe synchronization of quantum systems in the quantum regime, defined by the low
number of excitations and a highly nonclassical steady state of the self-sustained oscillator. Several existing
proposals of observing synchronization in the quantum regime suffer from the fact that the noise statistics
overwhelm synchronization in this regime. Here, we resolve this issue by driving a self-sustained oscillator
with a squeezing Hamiltonian instead of a harmonic drive and analyze this system in the classical and
quantum regime. We demonstrate that strong entrainment is possible for small values of squeezing, and in
this regime, the states are nonclassical. Furthermore, we show that the quality of synchronization measured
hv the FWHM of the nower snectrim is enhanced with saueezine.

Squeezing Enhances Quantum Synchronization (2018). Phys. Rev.
Lett. 120 163601



https://arxiv.org/abs/1801.10383

Quantum van der Pol equation....

p=—i[AbTo + iF (b —bT), p] + 1 D[b']p + 12 D[b*]p

H,, = ix® (b2t — bT2¢) \

D[O]p = OpOt — ${OT0, p}
Assume pump mode depletion is negligible, approx
¢ = dexp(—i(wyt —0))
wq is the frequency of the drive and

A = wg — wg with wy as the natural
frequency of the vdP



n = x? X is the squeezing parameter
Set wy, = 2wyq

Hyo = AD'D+ iF(b—Db") + in(b*e ™ — b2e'?),

<~

p = —i[H . p] + 11 D[b"]p + 1, DIH°)p.

n=0,F#0 n#0,F=0
Harmonically driven vdP Squeezed driven vdP

For highly excited oscillator, 71 >> =9, replace <1;> = Rexp(i¢p)

71
2

R =5R—y,R3 — Fcos ¢ — 2nR cos(2¢ — 0),

- F
¢ =—-A —|—Esinq§ + 2 sin(2¢ — 6).



A

For highly excited oscillator, 71 >> 75, replace (b) = Rexp(i¢)

71
2

R =5R—y,R3 — Fcos¢ — 2nR cos(2¢ — 0),

- F
¢ =-A —I—Esinqﬁ + 2 sin(2¢ — 6).

In the simple case of driving on resonance (A = 0) and
squeezing along the position quadrature 8 = 0, we have
pitchfork bifurcation,

F 2t
sin ¢SS(R— + 4ncos ¢ss) =0 1/ n=01
55 7 =0.5

:; TN\

- As 7 increases, ¢ = 7 becomes unstable
-3 and two new stable fixed points symmetrie
~about ¢ = emerge,

T N T R — L TR L
0 1 2 3 4 5 6
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Bifurcation of the Wigner function.

n/v =0 n/m=1 n/m =3
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Bifurcation of the Wigner function.

/71 =0 n/m=1 n/y1=3

0.20

- 0.10

0.05

Re(a) Re(a) Re(a)
The bifurcation behavior observed from the classical solutions appears
as splitting of the Wigner function into two symmetric parts when driven
on resonance. For finite detuning A this symmetry is broken as can be
seen by the lowering of one of the Wigner function peaks.



Bifurcation of the Wigner function.

n/v =0 n/m=1 n/m =3

)

. . 0.20
S -
F/y1=0,A/m=0 F/y1=0,A/m=0 m
M— U..5
(f)

. a

Re(a) Re(a) Re(a)
Similar to the undriven case, theoscillator displays symmetric bifurcation
with increasing driving

A



Bifurcation of the Wigner function.
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Detuning breaks thessymmetry of the lobes in the Wigner function....
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Entrainment of squeezing- and harmonically- driven vdP

Squeezed-driven Harmonically-driven
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PHYSICAL REVIEW LETTERS 121, 053601 (2018)

Viewpoint: No Synchronization for
Qubits

Leong-Chuan Kwek, Center for Quantun  (a) 0 (b)

Institute of Education, Nanyang Technol

International Joint Research Unit, Singa)
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g SYII ic distribution

— LEHIEFE‘d amund the equamr is reminiscent of the ring stabilized in
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Observing quantum synchronization blockade in
circuit quantum electrodynamics
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Figure 4: (a) Normalized quantum synchrenization measure S/.J as a function of the bare detuning A = AT — A5 between
the two nonlinear self-oscillators for different values of the bare inter-oscillator dispersive coupling strength .J. Af is varied
while Af is kept fixed. The steady state is obtained from a quantum trajectory simulation by averaging the long time (i.e.
t = 1/4+) temporal averages over 500 trajectories. (b) Logarithmic negativity En = lagg||p£1T||1, showing that when the
oscillators synchronize, entanglement is present, i.e. Eyx > (. (c) to (e) Hinton diagrams at three different values of A
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Figure 5: (a) Maximum of the averaged cross-correlated homodyne signals as a function of the renormalized detuning A
between the nonlinear oscillators. Clearly the cross-correlation mirrors the synchronization measure of Fig. 4 (a). (b) to (d)
Cross-correlation functions of the homodyne signals corresponding to the three different values of A marked by dashed vertical
lines in (a). The individual trajectories are shown in blue and the average over 1000 trajectories is shown in red. Parameter

values are the same as in Figs. 3 and 4.
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posing roles of Jagged] and DLL4 in anglogenesis
ard the role of the Notch1-DLL4 axis in lvmphatic
development amd the lymphatic svstem (45, 46).
Certain advantages of receptor-specifie therapeu-
tics have begun to emenge in studies deseribing the
inhibition of tumor growth by Notchl-antagonist
antibodies and the control of graft-versus-host
disease by DLLY/4-antagonist antibodies (47, 48).
The Noteh1{11-13)- DLL4; (N-EGFI) structure
provides new insights toward the development
of reeeptor- and ligand-specific drugs. Antibodies
against Notch EGF11 and 12 reportedly have
limited effectiveness in cellular assays; based
on the structure, this is likely due to ceclusion of
relevant protein epitopes by the Sed™ Oglucose
and Thr*™ O-fucose moieties (49). Mare effective
therapeutic targeting of EGF11 and 12 may be
achieved with engineered high-affinity ligands
such as those presented here, which have co-
evolved with Notch receptors to accommodate
O-glyean binding.
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QUANTUM ENGINEERING

Confining the state of light to a
quantum manifold by engineered

two-photon loss

Z. Leghtas,'® 8, Touzard,' I. M. Pop,’ A. Kou,' B. Viastakis,! A, Petrenko,! K. M. Sliwa,'
A. Narla,' §. Shankar,' M. J. Hatridge,! M. Reagor." L. Frunzie,' R. J. Schoelkopf,'

M. Mirrahimi,*"* M. H. Devoret

Physical systerms wsually exhibit quartum bebavior, such as superpositions and entanglement,
only when they are sufficiently decoupled from a lossy ervironment. Paradoxically, a specially
engineerad interaction with the ervironment can become a resource for the generation and
protection of quantum states. This notion can be peneralized to the confinement of a system into a
manifald of guantum states, consisting of all coherent superpositions of multiple stable steady
states. We have confined the state of a superconducting resonator to the guantum manifold
spanned by two coherent states of opposite phases and have observed a Schrdinger cat state
spontaneously squeeze out of vacuum before decaying into a classical mixture. This experiment
points toward robustly encoding quantum informeation in multidimensional steady-state manifolds.

tabilizing the state of a system in the
vicinity of a predefined state despite the
presence of external perturbations plays
a central role in science and engineerng.
On a quantum system, stabilization is a
fundamentally more subtle process than on a
classical system, as it requires an interaction
that, quantum mechanically, is always invasive.

The mere act of learning something about a
svstem perturbs it Carefully designed nonde-
structive quantum messurements have ecently

'Department of Applied Physics, Yale University, Mew Haven, CT
06520, USA. “Institut Mational de Recherche en Informatioue ot
en Automatigue (INRIA) Paris-Rooguencourt, Domane de
‘ioluceaw, BP. 106, 78153 Le Chesnay Cedex, France.
*Comespending suthor. E-mail: zakileghtasSyae edu
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FIG. 1. A guantum thermal machine can be used to observe quantum synchronisation. The engine consists of a three level
maser driven three-level atom which generates output power when coupled to two dissimilar baths. The relationship between
power, detuning and the driving strength 1s understood as ansing from the synchromzation of the three-level atom to the
external drive. At a given driving strength, if the drving field is far detuned from the relevant maser transition. the syvstem
cannot synchronise to the external drive. The output power is very low as seen in (a). If the detuning is in the synchronisation
region, the engine power is reinforced by synchronisation as depicted in (b). (c) Transition between levels |2} and |3) is coupled
by a coherent field of strength =. Levels |1)-|3} are coupled by a hot bath at temperature Ty while levels |2)-|3} are coupled by
a cold bath at temperature T..

See: arXiv 1812.10082
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FIG. 2. Contours for (a) the measure of synchronization S, (b) the corresponding power of a thermal engine —P, and (c) the
corresponding measure of coherence C are plotted against the detuning A on the x-axis and the strength of the drive £ on the
y-axis. The parameters are fixed as yn = 0.01, fin = 5, fic = 1072, 4 = 10y, and w3 — wa = 10/~vn.
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» We review classical and quantum synchronization

» We consider a driven self-sustained oscillator with a
squeezing Hamiltonian instead of a harmonic drive.

» We analyze this system in the classical and quantum
regime.

» We demonstrate that strong entrainment is possible
for small values of squeezing, and in this regime, the
states are nonclassical.

» We show that the quality of synchronization measured
by the FWHM of the power spectrum is enhanced
with squeezing.
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