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Abstract Measuring atomic and molecular interactions was one of thm mbjectives of physics
during the past century. It was an essential step not onlgéatfibut because most macroscopic prop-
erties can be derived once one knows interaction strengththe present time, except for systems
that can be described as discrete networks (like the Intertevork) our knowledge of social and
biological ties still remains very limited. An importantegtis to develop experimental means for
measuring social and biological interactions. In this thkre are two parts.

e Firstly, we describe experimental evidence of inter-indlnal attraction in populations of in-
sects.

e Secondly, we focus on a specific system, namely populatibrisuglena gracilis a green,
swimming unicellular organism, for which we try to determindividual and interaction properties.
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Part 1: Introduction

Rationale for experiments on insects and microorganisms

Group cohesion in physics

What holds a system of particles together? What are the ldwshwule the transi-
tion from a state of high cohesion to a state of lower coheamhvice versa?

Such guestions have been of fundamental importance inghgsd chemistry. As
an illustration, one can mention that when in 1900 at the 4@ A\lbert Einstein
submitted his first paper to the prestigious German joursahalen der Physik” his
purpose was to derive the characteristics of inter-mo&@itraction potentials from
data about capillarity properties of various chemicalsthat time, such an objective
was shared by many physicists.

Then, during the 20th century, little by little our undersedang and knowledge of



microscopic interactions progressively became more ateur

Incidentally, it can be observed that in a sense, the fattuhid the second half of
the 20th century molecular mechanisms were out of directriasional reach was
a chance because it allowed physicists and chemists to fatggobal properties
before becoming involved in the complicated details of raolar mechanisms.

Group cohesion in human systems

The same questions constitute also central issues forlsysems. Yet, they are
not often formulated in such a way. Consider the followingreples.

e Itis commonly recognized that high performance teams ompzones are char-
acterized by effective interactions, but how can such auigons be measured? One
might be tempted to use surveys; however such surveys wilhbaiable when team
members do not feel free to tell the truth, a situation whehkiely to occur when
there are no trustful relations.

e Everybody understands that the relationship between sael their children
Is (in some way that needs to be defined) “stronger” than tiaection they may
have with neighbors or colleagues. The later may in turn tmnger than the links
they have with fellow citizens. Yet, we are unable to quarihk respective strengths
of such interactions. Why is this so? Here is a possible answe

Before one can talk about quantification is it not necessadetine more precisely
what one wants to measure? In science definition and measaotersually go hand
in hand. If we could set up an experimental procedure for omaagthe strength of
family bonds the very conditions of the experiment wouldllspagt what the exper-
iment is measuring. But can we set up an experiment involgergnts, children or
citizens? Clearly not for obvious ethical reasons.

However, it is possible to perform experiments on livingangms such as insects
and microorganisms, all the more so because such expesmemto require to Kill
or harm these organisms. The present research is in linepngthous pioneering
studies based on insect models such as Costa (1997), Vigwanat al. (2011),
Suematsu et al. (2011), Nishimori (2012).

Characteristics of interactions: strength, range, domati

Before trying to characterize interactions let us show #upg&cwhich illustrates one
of the main difficulties in this kind of investigation. Thecpire in Fig. 1 seems
to suggest an imitation behavior. However, it is known thét behavior occurs in
response to a predator. Therefore, how can one be sure ¢hadtitrpilars do not just
react individually to the same danger signal?

An interaction is characterized by its strength and rangéiidlogical systems it is
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Fig. 1: Synchronous movements of caterpillarsThe caption says that the picture “indicates that there is an
exchange of information between individuals”. This is netessarily true, however. It can also be a common
response to an external stimulus. The parallel orientatadriron filings sprinkled on a white card placed on
top of a permanent magnet are not due to any interaction kettihem but solely to the external magnetic field.
This illustrates what is probably the main difficulty whembping interactionsSource: Costa (1997)

is also characterized by its duration. Indeed, in contaphysical systems in which
interactions are permanent, systems of living organismg ima&e temporary inter-
actions. The most obvious example is the interaction betweses and females. It
occurs only in mature animals and usually follows some segmttern.

Classes of collective motions

By the term “collective motions” we wish to refer to the matsoof many individuals
in a population, whether they interact in some way or not.

Cases ranging from complete randomness to fairly orderdinsocan be illustrated
by the following examples.

(1) Independent motions of random individuals.

Ex: Motions of many Brownian particles in a liquid.

(2) Independent motions of deterministic individuals.

Ex: Movements of people on a square or the departure hall ahaay station. All
persons know where they are going but the global pictureiveny different from
the former.

(3) Collective motion of non-interacting individuals: hydlynamic interaction
When microorganisms swim fairly fast in water and when iniaold their density
is high enough the drift of the water induced by the movemérine individual
will affect the movements of its neighbors. In this way, tregectories may become
correlated even though the organisms do not have any direahsnof interaction.
This effect is known as hydrodynamic interaction.

Ex: A spectacular example was studied by Rabani et al. (20iB}his case the
bacteria were moving in a two-dimensional film of water whagreatly enhanced
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the hydrodynamic effect. As a result, individual velogtigere fairly parallel to one
another.

(4) Collision avoidance and the sidewalk effect
When ants come close to one another they usually stop for adeands in order to
examine one another. Swimming microorganisms such as gaigiecilis must of

Slowdown due to the “Crowded sidewalk” effect

f

Fig. 2: lllustration of the “crowded sidewalk” effect. In a sense collision avoidance can be considered as
being an interaction. It is similar to the kind of weak int&ran that occurs between the molecules of a gas
except that in a gas if one assumes the encounters to be ¢hes® is no slowing down effect.

course avoid collisions but their interaction when theyanse to one another seems
to be very brief. In other words, whether or not there is amal't interaction there
will be a slowing down effect due to the necessity of avoidmegad-on collisions.
We will see later on that this effect can be observed stedikhyi

(5) Attraction between individuals: clustering and shogli
Ex: A shoal of fishes consists in a population of fishes remgim the same loca-
tion. Similarly, as we will see below, ants or bees left tatiselves move toward one
another and eventually form one big cluster. In the absehaayexternal stimulus
this can hardly be explained otherwise than by an attratbree between them.

Shoaling Schooling
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Fig. 3: Difference between shoaling and schoolingshoaling means that a group of individuals remains in
the same location. It is similar to clustering except for thet that it can be a permanent situation whereas
clustering is rather temporary. Schooling is similar buamsethat the group moves together. Both shoaling and
schooling reveal an underlying inter-individual attraoti However, shoaling may also just reflect gathering in
an appropriate environment.

(6) Collective motion of interdependent individuals
Ex: The V-shaped flight formation of geese or ducks or theectille motion of a
school of herrings.



Part 2: Examples of inter-attractive behavior

In this part we focus on cases for which there is clear evidefcollective behavior
brought about by inter-individual attraction forces.

Clustering as a means for estimating inter-attraction

The occurrence of clustering in a populatiarthe absence of any external stimulus
(whether light, food, smell or any other) provides good ewick for the existence
of an attraction force, or more precisely it shows that theetion force is strong
enough to overcome the dispersion effect of individual arateror less random
velocities. in what follows this dispersion effect will beferred to simply as noise.

The physical analog of clustering is the phenomenon of cosateon (i.e. transi-
tion from a gas to a liquid) which is a (first order) phase ti@ors. In this case, the
noise is due to what is called thermal agitation. As the vanVidaals interaction
forces between molecules are basically the same whethenakerial is in gas or
liquid state, condensation occurs when a reduction in teatpes makes the noise
kT become smaller than the attraction effect. This is a séffoecing effect be-
cause by reducing inter-molecular distances condensatii® same time increases
interaction strength.

Observation of clustering provides in a fairly easy way aight into the attractive
forces between living organisms. That is why in the nextieacwve will describe
several cases of clustering. One should keep in mind thateakeclustering is ev-
idence of attraction, the opposite is not true. Attractiatheaut clustering simply
means that the dispersion forces are too strong.

Attraction strength among social insects: ants and bees

First, we will study the clustering of ants and bees, i.e. $woial insects. Then, we
show that some non-social insects also form clusters. Hitg call them gregar-
lous insects. Finally, we describe the case of drosophilavfoch no clustering is
observed. They are sometimes called solitary insectstImitlear that even such
insects have interactions, among which the attraction éetwnales and females is
the most obvious.

Ants

Fig. 4a shows that the behavior of ants is the exact oppobkiéegas. Whereas a
gas tends to occupy all the volume available, ants will elugito one half of the
container. As a matter of fact, they will not even occupy ttality of the right-hand
half of the container but only a small part of it.
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Fig. 4a: Clustering of red fire ants. The ants move from an initial state where they are on sepai@és to

a state where almost all of them are on the same side. The baxkesn area of about 60 square centimeters.
The connecting glass tube had a length of 3 centimeters aizsireeter of one centimeter. The experiment was
done in August 2011 at room temperature that is to say at &degree Celsius. The initial numbe¥sof
ants on each side were 100, 200, 300, 500, 750, 1000. Forédhk experiment was repeated 5 times. For
these repetitions the coefficient of variation was on avegigfo. Contrary to what happens for a gas the flow
velocity doesotincrease when the density becomes higher. On the contrdegiieases. This means that the
process is more and more dominated by attraction.

Just to give an order of magnitude of average traffic in thermanication tube, it can be observed that for an
initial population of 1,000 on each side the clustering pssclasted 6.8 hours which means that the average
flow of ants per minute was000/(6.8 x 60) = 2.4. This shows that the section of the communication tube
was not in itself a limiting factorSource: The data are from an experiment done in August 201r.biei
Wang at the South China Agricultural University in Guangzifpersonal communication).

In the experiment of Fig. 4b the “edge difficulty”, namely tiaet that the ants tend
to go to the edge of the container and stay there without ngoatrall was solved

through the ring structure. In the experiment of Fig. 4c iswalved in a different
way. The rectangular space in which the ants were spreadunasiaded by 4 strips
of paper which had been recovered with a repellent liquidsehemell the ants do
not like. Before being used the paper strips were left to drythe smell was still

perceptible which means that they acted as a repéllent

Two qualitative rules emerge from these observations.

e The higher the density, the faster the aggregation process.

e When the density was low the cluster which appeared at lostgclamprised
only a small fraction of the ants.
The graph of Fig. 4d documents the second effect. Observatiows that the

3However, when the space allocated to the ants was smallctoinaof them happened to cross the border. This
occurred particularly at the start of the experiment whenathts were excited after having been removed from the rest of
the colony.
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Fig. 4b: Clustering process for ants.The ants belong to the speciBsrramorium, Caespituniinnaeus 1758;
their length is about 1-2mm; they were bought on Taobao, &kmelvn Chinese shopping website. The ring
structure (made of polymer clay and covered by a plastieplatvents the ants from remaining motionless at
the edge of the container as would happen with an ordinariacter. The ability to form a cluster (as well as
the speed of the aggregation process) depends upon the nafrargs. The same observation holds for bees
(see Table 1). Two ants on average remain fairly apart asrsiothe top panel. On the contrary, for a group
of 30 ants after a time interval of the order of one hour theynfa cluster (or sometimes two clusters). In this
experiment the diameter of the ring was 8cBuurce: The experiment was done in March 2014 by Li Geng at
the School of Systems Science of Beijing Normal University.

dispersion (i.e. the proportion of ants not in the clustehigher in two dimensions
than in one dimension, i.e. in the ring experiment.

Bees

Beekeepers know very well that bees cluster together uratae special circum-
stances.

¢ In wintertime, when the temperature is low, they form a @dst

¢ Inthe process of swarming, that is to say when the “old” queawves withpart
of the colony or in the similar process of absconding, théb isay when the queen
leaves withall the colony.

The fact that bees form clustensthout any external stimulivas discovered by J.
Lecomte in the late 1940s. He explored carefully the cood#tiunder which clus-
tering takes place and published his results in three pdp849,1950,1956) which,
although an important contribution to the understandintipetollectivebehavior of
bees, were completely overlooked and forgotten in thevioilg decades.

Fig. 5b shows that clustering also occurs in a mixed popnaif bees coming from
two different colonies.

It is often said that it is for raising their temperature atdefor those inside the cluster. However, it is also known
by beekeepers that bee colonies start to become active Hireficliary (in countries whose climate is similar to that of
France) that is to say at a moment when the temperature ewtithe beehive is still fairly low. It is in May and June
that the production of honey is usually highest, not in JubAogust.
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Fig. 4c: Clustering process for ants.Strips of paper impregnated with a repellent kept the aneydvwom

the borders of the area. In this experiment there were 229(dahsity=57/sq.decimeter). Similar experiments
were done with different densities and number of ants. Am@pmate rule of thumb that emerged is that the
larger the number and density the less time it takes for higtets to appear and the greater the proportion of
ants which are in the cluster (see Fig. 48purce: The experiment was done on 30 October 2013 and March
2014 at the School of Systems Science of Beijing Normal tsitive

This result is not completely unexpected because beekekpew that it is possible
to put frames from different colonies into the same beeliights may be prevented
by spraying all the bees with flavored water. Nevertheldss,also true that when
a bee tries to enter into the beehive of a different colonyilslve identified and
chased away by the bees which stand guard next to the entrance

The observations summarized in Table 1 suggest that foratmeaition of a single
cluster there is a critical minimal population thresholdiethis of the order of 40
bees.

Attraction strength among non-social insects

Comparative experiment

First we describe an experiment that was done in parallél dibsophila and with
beetles (Alphitobius diaperinus).

SDoes this process occur systematically, that is to say wjthohability of one, or rather with a probabilify < 1,
which would imply that some foreign bees can get entranceé® @dint is not clear from what we have read so far.
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Fig. 4d: Relationship between density and the proportion ofints in the cluster. The small red dots are for
experiments similar to those shown in Fig. 4c. A big dot washalr at the origin because one can be certain that
when the density tends toward zero the ants will be unabledodine another which means that no aggregation
can occur. For the sake of simplicit$pource: The experiments were done in Oct-Nov 2013 at theoSoho
Systems Science of Beijing Normal University .

Mrradon Val Fleary, 13 June 2012 {18:30-15:40)
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Fig. 5a: Clustering process for bees (Apis mellifera mellgra). Altogether there were about 300 bees.
Initially they were put to sleep through 5 minutes in carbaxile. All the bees are from the same beehive.
The numbers under the pictures give the time in minugmirce: The data are from an experiment done in
Meudon Val Fleury near Paris in July 2012 by Jack Darley andtid&d Roehner.

One takes a test tube containing some 50 drosophila and okesrttzem all move
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Fig. 5b: Mixed cluster of bees.It is often said that bees from different colonies do not mithwne another or
may even fight one another. However, this experiment shoves@where they form mixed clusters. The bees
from colony A are marked with a white dot whereas those of coléhlgave no dot. The picture shows that the
cluster comprises bees from the two coloni€surce: The experiment was performed in December 2011 by
Zengru Di, Bertrand Roehner, Ken Tan and Zhengwei Wang at#stern Bee Institute, Yunnan Agricultural
University, Kunming, China.

Table 1 Influence of the number (and density) of bees on clustéormation

Number of bees 5 10 15 25 50 75
Frequency of formation of a single clusteB0% 40% 6% 6% 80% 100%

Notes: The experiments were performed at 25 degree CelBioiseach total number of bees the
experiment was repeated 18 times. The same box was usecdexpaliments which means that the
density of the bees per square centimeter decreased altmgh&inumber of bees. A cluster was
defined as an aggregate containing at least 80% of the tatab@uof bees.

The results show a fairly sharp transition between 25 andeg8.b

There is no clear explanation for the fact that the probghificreases again for 5 and 10 bees; of
course, for such small numbers the variability may be largpclv means that in addition to the

average, one would also need to know the standard deviation.

Source: Lecomte (1956).

to the bottom of the tube by hitting the tube on a table. Theny quickly? one puts

the tube on the table in horizontal position. Let us assurtlie bottom of the tube
is on the right. After a few seconds, some 5 flies will have neddhe left-hand side,
and may be 10 others will be in the middle of the tube. If onetsvamn, the flies

will be distributed fairly uniformly throughout the tube.

If one repeats the same experiment with beetles it will be Heat after 5Smn almost
all insects are still together on the right-hand side of theet

A physical interpretation of this experiment can be propose
Suppose that we replace the drosophila by the molecules &g arl the beetles by
the molecules of a liquid. By hitting the tube on the tablenadllecules will move

5This movement must be fast because drosophila have a n&ndancy to go upward.
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to the bottom. For this experiment we do not need to put the tube in horaont
position; this was only required because of the tendencyaxfaphila to go upward.
After the shock, the gas molecules will re-occupy the wheflable room of the
test tube within a fraction of a second.

In the case of a liquid, it will go to the bottom of the tube bg there effect of gravity.
Once there, only a small proportion of the molecules willigncthe volume of the
test tube above the liquid. This fraction corresponds tosivealled equilibrium
vapor pressure.

For instance, for water at 20 degree Celsius, the equihibrapor pressurgis 2.3
kilo-Pascal. For our purpose, the pressure is of little iitance. One would rather
wish to know the density which corresponds tp. Fortunately, if one assumes that
the vapor above the liquid can be described as an ideal gash(vgltertainly true at
such a low pressure) the two variables are related by thdiequat state of an ideal
gas which can be written:

p = pr,T, whereT = Kelvin temperaturey,, = R/M,,

R is the gas constant? = 8.3 kgn?s2K~! and M,, is the mass of one mole of
water: M,, = 18g. Thus,,, = 462 m>s 2K, For the density one gets:

p =p/ry,T =2300/(462 x 293) = 0.017kg/cubic-meter= 17mg/liter

If we remember that the density of air in standard room camaktis 1,200mg/liter,
we see that the density of water vapor is about 100 times esmall

When the inter-molecular attraction is smaller the boilbagnt will be lower and the
vapor pressure will be higher. For instance, at a tempegaifti20 degree Celsius,
acetone has an equilibrium vapor pressure of 22.8 kPa. liti@ud-, = r,/3.2.
As a result, the density of acetone vapor will be about 32 gimigher than for
water. In contrast, the ratio of the boiling temperaturewater and acetone is only:
100/56 = 1.8.

Beetles

The difference in behavior encapsulated in the previousmxg@nt needs to be stud-
led in more detailed way in separate clustering experimdfits 7 summarizes an
experiment for beetles.

It should be noted that because these beetles prefer dadsplae experiment must
be done under fairly uniform light.

In the future, such experiments should be repeated withggdarumber of beetles
and possibly in a ring-shaped container in order to elinginlae edge effect.

’Because the velocity of the tube must be higher than the iegloithe molecules, instead of a test tube the experiment
would require a steel cylinder! This is rather a thought expent.
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Time
Drosophila Alphitobius
0

Fig.6 Experiment demonstrating the existence of dispersioforces. This test-experiment which takes only

a few minutes shows that there is a striking contrast betweerbehavior of drosophila and that of beetles
(Alphitobius diaperinus). It could possibly be argued ttreg beetles do not move just because they are not
active. In other words the fact that they remain togethersdua in itself prove the existence of attraction
forces. However, it is difficult to explain the behavior oktdrosophila without assuming the existence of
agitation forces which are not kept in check by inter-indihal attraction.Source: Lai Shu Ying and Feng
Meng Ying, Report for the “Championship in Experimentak8ce” at Beijing Normal University (Dec 2012).

Kunming (China), 5 Oct 2012, 19:45-19:50
Clustering of the beetle Alphitobius diaperinus

300s=5mn

225s

Fig.7 Experiment showing the aggregation of beetles (Alpkobius diaperinus). The first action of the
beetles is to rush toward the edge of the container. After phiase which lasts about 75s the positions of
the beetles change only slightly. The diameter of the coataivas 15.5 cmSource: The experiment was
performed on 5 October 2012 by Bertrand Roehner and Zhen@iaag at the Eastern Bee Institute, Yunnan
Agricultural University, Kunming, China.
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These beetles are the adult form of the so-called buffalengdhat are sold as food-
stuff for birds or fishes. The transition to the adult formragdo be very dependent
upon temperature and air humidity. At 20 C (and fairly dry @imay take 3 months,
whereas around 30 C it may take less than one month.

Drosophila

Drosophila are used extensively in genetics laboratorieislwmakes them easily
available. They have a natural tendency to climb upward.sThuthe laboratory
tubes in which they are kept, they are usually concentratethe food which fills
the bottom of the tube and at the top under the cap of the tube.

In the experiment described below, the Plexiglas contaihad a height of only 6
mm which prevented from flying. We used low intensity, “coldyht which did
not increase the temperature of the container. under thmsditions we did not
observe any clustering. Of course, it is quite possibletihder different conditions
an aggregation process may occur.

Part 3: Lessons and hints from physical chemistry

How to use aggregation/diffusion to measure interaction?

In this section we wish to examine what can be learned fronsighyabout possible
methods based on aggregation or diffusion for measurirgrantions. This is a
very natural step because physics has a long record of swidteractions between
particles.

Aggregation

At first sight, aggregation phenomena may seem at odds witt ote is used to
observe in physics. Indeed, diffusion seems much more canthran aggregation
or clustering. For instance, how can one get an aggregaftfiect similar to the one
described in Fig. 4a?

Consider a mixture of oil and balsamic vinegar. As the twaililg are not miscible
and the vinegar has a higher density it will sit at the bottdrthe bottle. Shaking
the bottle will create a suspension of small, brown drop}étsnegar within the oil.

However, within a few minutes the two liquids will separat@im. This process is
of course facilitated by the density difference but it alsgwrs without it as shown
by the aggregation process of patches of oil floating on watgmegar.

Aggregation will occur for systems characterized by a gratiraction and a low
level of noise. In all other cases there will be diffusiont the diffusion can be fast
or slow, This leads to question the effect of inter-molecakéraction on diffusion?
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Beijing, 4-5 Dec 2013, 20:00-02:00
No clustering of Drosophila melanogaster in 6 hours

10mn 1 hour
2 hours 4 hours 6 hours

Fig.8 Experiment showing that drosophila do not cluster togther. In the lower cell there were 95 flies
(density=247/sq-dm), whereas in the upper cell there wédefles (density= 309/sq-dm). At the end, after 6
hours, the density is fairly uniform in the lower cell; in thpper shell it is higher on the edge than in the middle
but there is no clustering location along the edge. Of cqulsg does not mean that there are no interactions
whatsoever among fruit flies. For instance, there is an aisvaitraction between males and femalgsurce:
The experiment was done on 4-5 December 2013 at the Schoateh® Science of Beijing Normal University.
The fruit flies came from the genetics laboratory of Pr. Dou {B&lU). Many thanks to him.

Can physics give us a method for deriving attraction stiefrgim diffusion data?

Connection between diffusion and attraction

Surprisingly, when one tries key-words such as “diffusigiattraction” on an Inter-

net search engine, one gets very few significant results nfdtaematical theory of
diffusion which leads to the partial differential equatikarown as the diffusion equa-
tion is purely based on random movementsoependenparticles. It describes well
the diffusion of Brownian particles that is to say partiaMsch are much bigger than
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molecules. However, it is not appropriate for the diffusadrmoleculesA (e.g. dye
molecules) among moleculés(e.g. water molecules) for in this case the- A and
A— Binteractions play an essential role. This fact is made als/tyy observing that
depending upon these interactions, thand B liquids will be completely miscible
(e.g. water and ethanol), partially miscible, or almost migcible (e.g. water and
oil). Clearly, the degree of miscibility will affect the difsion process.

Coming back to our previous Internet search, in order to awprthe results, one
should rather use the expressions “self-diffusion”, allted “tracer diffusion”, and
“collective diffusion”, also called “mutual diffusiof’

What physical phenomena do these expressions represent?

e Self-diffusion refers to the diffusion of individual moleles taking place in the
absence of any concentration gradient; it probes the payarticle correlation at
small distance. In physical systems, self-diffusion sympflects thermal molecular
agitation. In systems of living organisms it reflects theowements. Such move-
ments can also be seen as a form of thermal agitation bedasisbeémical reactions
on which motion relies will become slower if the temperatiaiés.

e Collective diffusion refers to the diffusion of a large nuenlof particles (most
often within a solvent) under the influence of a concentragiadient. This diffusion
probes the correlations at large distances.

When there is no interaction between the particles, thesldh coefficient is inde-
pendent of particle concentration. On the contrary, for thractive interaction be-
tween particles the diffusion coefficient tends to decreasesoncentration increases.
Thus, diffusion can be used to probe the strength of intienast

When living organisms diffuse by swimming more or less ranfjoin water the
only interaction that one needs to consider is their endogemteraction. In other
words, the physical analog that we need to consider is thasibh of molecules
A (the living organisms) among moleculés (the water molecules) when there is
almost noA — B interaction.

Two physical cases fulfill these conditions:

(1) Diffusion through evaporation of the molecules of lidjui in air.

(2) Diffusion of the molecules of liquidd in a liquid B with which they have
no interaction. The lack of interaction means that the md&sccannot bind with
one another which implies that the liquids are not miscilblewever, even for two
liquids which are not miscible, the mutual solubilities4in B andB in A are not
zero. For the case of water and liquid alkanes they are giv&able 2a,b along with
the partial (equilibrium) vapor pressure in air.

8n this connection one can mention the following papersllieki(1974), Phillies et al. (1976), Van den Broek et al.
(1981), Holmberg et al. (2011).
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The two processes of evaporation and diffusion rely on adngesmechanism; it is
schematically described in Fig. 9.

Table 2a Vapor pressure and solubility in water of liquid alkanes (at 20 degree C)

Name Formula  Solubility of alkane  Vapor pressure Densitglb&ne vapor
in water of alkane in air in air
[mg per liter of water] [kPa] [mg per liter]

n-pentane  ¢H, 40 58 1715
n-hexane  @Hyy 11 17 600
n-heptane  €Hyg 2 5.3 217

n-octane GH15 1 1.5 70

n-nonane GH» 0.2 0.5 26

Notes: Vapor pressure) and solubility in watery) decrease almost at the same rate. This suggests
that the mechanisms of the two phenomena may be fairly similbe (log =, logy) correlation is
0.993 and the regression leads to the relationship:

solubility (mg/l) = 0.5 [vapor pressure (kPa)

This formula can be used to predict the solubility of decane-(10), undecaner{ = 11), dodecane

(n = 12). One gets (in micro-g/l): 66, 22, 3.8. As these solubtitgee very low they are difficult to
measure with acceptable accuracy. For decane 5 measusgpegftrmed by different authors range
from 7 to 50 and their average is 32 micro-g/liter (Economioal €1997 p. 539).

The alkane solubility in water measures the diffusion obak molecules in water. Similarly, the
density of the alkane vapor measures the diffusion of tharekmolecules in air. On average the
alkane diffusion in air is about 80 times larger than itsulifbn in water; more precisely the ratio
increases from 43 in the case of pentane to 130 for nonanseThgos certainly reflect the fact that
it is easier for escaping alkane molecules to open their wayrithan through water molecules. One
is not surprised by the fact that this effect becomes stnofogdoigger molecules.

Sources: Yang (2011, p.60). Wikipedia articles (in Germa@pmparison of data from different
sources suggests that the accuracy of the solubility datatibetter than 20%. The density of vapor
was given by the ideal gas equation of state at 293Kk= pM/RT = pM /2435 wherep is the
pressure and\/ the molar mass.

Fig. 9 refers to the case of hexane but would be the same fasthry liquid alkane.
The data given in table 2a and the graph of Fig. 8 show thatithesiwn has a clear
correlation with the index of the alkane. Moreover, one knows that the attraction
between two alkane molecules increases withecause this attraction is due to a
(weak) London-type attraction between the hydrogen atdrhas, the more hydro-
gen atoms there are, the stronger the attrattiém other words, by measuring the
diffusion rate is is possible to estimate the attractiorrsjth, if not in an absolute
way, at least in a relative way provided the comparison isertatween species in
which the interaction mechanism is the same.

From the perspective of applying the model of Fig. 9 to livorganisms, it can be

9More details can be found in Roehner (2004, p. 100-103 anél p0663).
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Table 2b Vapor pressure and solubility of water in liquid alkanes (at 20 degree C)

Name Formula Solubility of water Vapor pressure Density afev vapor

in alkane of water in air in air
[mg per liter of alkane] [kPa] [mg per liter of air]
Water HO 50 2.3 7.4

Notes: The solubility data of water in liquid alkanes (froenpane to nonane) are almost independent
of the alkane. Surprisingly, the density of water vapor inigilower than the density of dissolved
water in alkanes.

Sources: Encyclopaedia of hydrocarbons, Section 5.3: tiireat plants for oil production. p.644.
Lucia etal. (2012, p. 10).

http://macro.Isu.edu/howto/solvents/pentane.htmg(i@t pentane at 20 degree)
http://macro.lsu.edu/howto/solvents/hexane.htm (tathexane at 20 degree)
http://macro.Isu.edu/howto/solvents/heptane.htme(@iat heptane at 25 degree)

The density of vapor at a given pressure was given by the gdesabquation at 293Ky = pM/RT =

pM /2435 wherep is the pressure and/ the molar mass.

observed that whereas the total number of layers is irretendhe case of molecules
(because itis very large), it becomes an important pararfaetiving organisms. As

long as the distance between the external and deepest layer remains smaller than
the range of the interactign the inward attraction on the external layer will increase
along with the number of layers. This means that the difiugme will become
smaller for a larger number of individuals. On the contrange the total number of
individuals is large enough to makidarger tharp, adding more individuals will not
change the diffusion rate. This opens a way for estimatiegriteraction range, at
least if the background noise is not too large.

How many “nearest neighbors?”

Let us assume that by some method based on diffusion or adeome has been
able to estimate the interaction within a system of eugleRe@m these global data
one would like to derive an estimate of the interaction betwevo euglenas. How
should this be done?

Once again physics can come to our help. The conclusion withht, not surpris-
ingly, the answer to this question completely depends omtimber of neighbors
with whom each euglena interattsThis point will become clearer by examining a
specific physical case.

Let us consider a liquid, for instance water or ethanol. Abgloestimate of its
cohesion energy at molecular level is given by the heat obnagtion AH. Itis

01n chemistry, that is to say inside a molecule, or in crystataphy the number of nearest neighbors is called the
coordination numberFor a disordered system like a liquid, the coordination bentannot be precisely defined. Instead
one will define successive coordination numbers for sphksitells of increasing radius.
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Evaporation Diffusion in non—miscible liquid
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Fig.9 Two similar diffusion mechanisms of a liquid A (hexane) into another fluid B. Left: Evaporation of

A; this process can also be called “solubility in air”. RigBiffusion into a liquid B (water); this process can
be called solubility ofd in B (even though the two liquids are not really miscible). The twechanisms have
in common the feature that there is no interaction betweemiblecules which diffuse and the particles through
which they diffuse. This similarity is exemplified by the ghawhich shows that from pentane to nonane the
solubility rates decrease in the same way. The representatthe middle was drawn for evaporation but would
be very similar for diffusion in water. The red arrows show titraction forces experienced by an escaping
molecule that is due to the molecules located in the first ayers. The blue arrows represent the thermal
agitation of the molecules. It is this agitation which alkomolecules in the external layer to escape from the
liquid.

interesting to observe that, according to the so-calledttiorule (see the Wikipedia
article entitled “Regle de Trouton” (in French)AH is, with good approximation,
proportional to the boiling temperature expressed in degedvin®:

A H ((expressed in kd/moley= 0.0877,

For liquids such as alcohols or water which have a H-bonddhaiila underestimates the vaporization heat. In those
cases it should be replaced b%H = 0.117},. However, if one is only interested in rough and quick estea@ne does
not need to take this correction into account. As a matteact the formula gives acceptable orders of magnitude even
when applied to gases or many solids. For instance:

For argon the heat of vaporization is 7.1 kJ/mol whefBas- 87 K gives 7.5.
For aluminum the heat of vaporization is 284 kJ/mol, wheflgas 2743 K gives 238.
But it does not work for sodium chloride whose heat of vagstian is 790 kJ/mol whereds, = 1686 K gives 146.
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As an illustration we consider hexane whose boiling tenipeeas’, = 342. The
previous rule givea\ H = 30 kJ/mol, which is close to the experimental value of 31
kJ/mol.

For water we know both the global and molecule-to-molecalession strength. The
first one is given byA H = 40 kd/mol whereas the second one is 16 kJ/mol. The 16
kJ refer to a mole of pairs of water molecules. The rdtip16 = 2.5 allows us to
answer the question about the number of neighbors.

How many links?

Question: In order to break the intermolecular links of water one needs an energy given by the heat of vaporization.
which is 40 kJ/mole. How can we derive the attraction strength between 2 molecules of water?

We make the assumption that there are links only between nearest neighbors, otherwise for a long-range interactio
there would as many links as there are pairs, that is to say n(n—-1)/2

1 2 3 4 .
1 dimension @—@—@—@ mol=n links = n-1-->n links/molec=1
. . horz vert
2 dimensions mol=h links = n(n-1) + n(n-1) -->?n
links/molec=2
between
faces faces
3 dimensions mol= links = n[2d (n-1)] + (n-1) n ——> 34
links/molec=3

For water, whose heat of vaporization is 40kJ/mol, the binding energy of 2 water molecules
is 16kJ/mole which means that the average number of links per molecule is 40/16=2.5.

Fig.10 How many links per molecule?The number of links per molecule depends upon the number of
spatial dimensions and upon the specific structure of theisysin order to provide an illustrative case, this
figure relies on the simplest possible assumption.

How should this result be interpreted? Fig. 10 considerdahky ideal case of a
rigid simple cubic structure in which, in addition, there anly interactions between
nearest neighbors. In this special case, each molecule lrdss3 Naturally, this is
a fairly unrealistic case. In a liquid, the structure is nigid and the interaction
decreases continuously with distance (as a poweiin the case of van der Waals
forces).

In the case of hexane if we use the same ratid.ofound earlier for water we get:
31/2.5 = 12 kd/mol for the binding energy between two molecules of lijuexane.

For heptane, octane and decane one gets similarly: 12@,1R6. The fact that the
interaction increases with the number of hydrogen atomsesam confirmation of

an argument made previously.

More generally we can write a general formula which givesghaie binding energy
in any liquid (as well as gas or solid) as a function of its ingjitemperature:
Ty

molecule-molecule binding energy (in kJ/mote) 3.5 lm] (Tb in degree I§
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The purpose of this formula is to provide orders of magnittatber than accurate
results. Its main drawback is that there is no real way talesassumption that each
molecule has an average of 2.5 “nearest neighbors”.

In conclusion, one should favor cohesion estimates at gletsal because particle-
to-particle estimates must inevitably rely on shaky stitedtassumptions.

Sometimes, however, one needs estimates at pair level. &nm@e is given in the
next sub-section.

Gravity, noise and interaction in diffusion experiments

In a test-tube we first pour glycerol and then (very slowly tevent mixing) water.
This experiment raises two questions.

o Will there be diffusion despite the difference in densitye(density of glycerol
is 1.26)?

e Will the interaction between glycerol and water moleculésy/a role in the
speed of diffusion?

Gravitation versus diffusion

To answer the first question we must compare the gravity patemergy of glycerol
and the thermal agitation energ¥ which brings about ditffusion. In order to avoid
small numbers we make the comparison for one mole which ntbeat¥s/" becomes
kEN,T = RT whereR is the gas constant.

Assuming a height of 10 cm for the liquids, one gets:

E, = Mgh=92x10"3x 981 x 0.1 ~0.1Jmol RT =83 x 293 ~ 2.4 kd/mol = E, < RT

Now that we know that there will be a diffusion effect, we cak the key-question
already examined above: will the diffusion be interacta@pendent?

Diffusion versus attraction

A quick answer can be obtained through a “continuity arguingfor two liquids
whose molecules attract one another strongly (e.g. wabamnel), there will be dif-
fusion. On the contrary, for two liquids which have no intgran (e.g. water and
oil) there will be no diffusion (except the tiny effect deibad above). Therefore, for
intermediate cases it is natural to expect that diffusiodhd@pend upon interaction
strength.

The question can also be answered in a quantitative way byaong k7, the
thermal agitation energy of one molecule, and the intesactinergy for a pair of
molecules. The result given above in the previous subsegiwes the interaction
energy for water molecules, namely,_,, = 16 kJ/mol. We do not know?,_, or
E,_, but we do not really need to know them precisely. It is suffici® know that
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they are of the same magnitudeds_,,. In short:
16/2
FEinteraction™ 2—2 ~ 4 x (Thermal energy
In other words, at room temperature for a diffusion processlving two liquids
A, B characterized by interaction energies simular to thoseabégé. the interaction
strength plays a substantial role. However, whereas the Rt/ E, was a factor
over one thousand, the ratitil’/ EinteractioniS rather of the order of one.

There is a last point that should be added to the many leskahpliysics can teach
us. Although perhaps the most important, it is often ovekdab

The endless quest for ultimate details

It is often said that physical phenomena are “simpler” thisfolgical or social phe-
nomena.

No matter whether this is true or not, the success of physieron the fact that it
first focused on overall understanding, leaving the intecketails of specific mech-
anisms for later investigation.

For instance, the detailed mechanisms of inter-molecuk&ractions are not only
horrendously complicated but also of great diversity. Asadter of fact there are
many, many types of interactions, e.g. ion-ion, ion-dipdlebond, dipole-dipole,
ion-induced dipole, dipole-induced dipole, London disoen.

Moreover, each one of these interactions has many facetss, Tor the H bond
one may distinguish the following components: electrasttraction, polarization
attraction, covalency attraction, dispersive attragtedactron repulsion.

Understanding any of these facets is in itself a formidab#lenge both experimen-
tally and theoretically. In addition, it is not obvious howientifically “rewarding”
gaining such an understanding may be.

Application to the case of living organisms

Two main conclusions emerge from the previous analysis.

(1) For strong attraction (ants, bees) there is clustenstead of diffusion. For
low attraction (drosophila) diffusion leads to uniform déy. Now, physical diffu-
sion in the low solubility case suggests that for mediunaation one should expect
a process in which diffusion stops before a uniform densitseached. Moreover,
the equilibrium spatial density profile should give a measafrinteraction.

(2) Until we have got a good quantitative knowledge of intéicmn strength for a
broad range of species, one should not spend too much tinteednviestigation of

12Because the diffusion is also affected by viscosity one ralsst assume that the liquids have comparable viscosity.
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detailed interaction mechanisms. The example of physiowsthat such mecha-
nisms are very complicated and highly diversified.

Part 4: In search of a general measurement method

Firstly, we focused on cases in which the attraction wa®eithry strong (ants,bees,
beetles) or very weak (drosophila). In this way, we were &blpropose methods
for estimating attraction strength. However, this left oplee question for all cases
in which the attraction is not strong enough to produce aeitusy process.

In this part we set ourselves a challenge. We consider afgpspecies of mi-
croorganisms, namelguglena gracilifor which we wish to measure the interaction
strength. As we do not know in advance whether the interadgtistrong, weak or
nonexistent this is a much more difficult task than what weehdone in the first
part. It is an ongoing investigation. We will report it chmagically highlighting
unexpected difficulties. We made some progress but more isa@til required in
order to reach our objectives.

Euglena gracilis

Euglena gracilisis a unicellular organism which swims in water. When moving i
has the shape of a cylinder with a length of about 50 microraetied a diameter of
about 10 micrometers. Its velocity is of the order of 1, 2 c#re@ times its length
per second. It is of green color because it contains chlgidbph

Why did we select it? There were practical reasons as wetliaatgic reasons.

e The euglenas are easy to keep. A population kept in a smalielfot over one
month will remain in good shape. After two months many cellstake on a circular
shape and become fairly static. This indicates that themeesl for a “revitalizing”
process which requires special expertise, specific chéprigducts and techniques.

e Due to their small size, a drop of euglenas will contain tlamas of individu-
als which is a favorable factor for the investigation of eotive phenomenon. On
the other hand, their size is large enough to make them ddislerwith a stereo-
Microscopeé®.

e Euglena gracilishas been studied and used as a model microorganism at least
since 1880. The references of some early papers and bogk&regelmann (1879,
1882), Stahl (1880), Mast (1911), can be found in the referesection.

13Stereo-microscopes always have two eyepieces. Sincestegc vision requires two distinct images, one presented
to the left eye, and one to the right, they must have two obest High power microscopes also have two eyepieces but
only asingleobjective lens. Because of their small magnification (tgficbetween 20x and 80x) stereo-microscopes
have a broad observation field which is an important requérgrfor our observations.
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Research plan

When we started our research in December 2013 our plan wa®dteqd in three
steps.

(1) First, we wanted to measure the main individual charesties, such as sizes,
average and standard deviation of the velocity distrilutibthe euglenas.

(2) Secondly, we wanted to see if we could identify expecféztes such as the
“crowded sidewalk” effect .

(3) Last but not least, we wanted to find a method for measuhagnteraction
strength. This is the most important but also the most chgiley part. In accordance
with the physics-based argument given above, our plan way @ method based
on the diffusion properties of the euglenas. It is at thimpthat several surprising
observations made us realize that we had underestimateaeiséivity of euglenas
to low-intensity light. Since, needless to say, it is impblesto make observation in
total darkness, we realized that it was necessary to studgftact of light in order
to find out what level of light was acceptable.

Among the surprise-observations that made us change ogrgmp one can partic-
ularly mention the following.

(1) Euglenas were found to flee light even at low intensity, 200 lux, some 10
to 100 times less than what we expected from the literature.

(2) The diffusion behavior of euglenas is completely chahgeen under low
intensity light. Basically the diffusion is stopped.

(3) A sudden change in the intensity or color of light “fregz¢he euglenas,
a reaction referred to in the literature by the German exmwasschreckbewegung
(shock reaction).

An account of these observations is given below.

Fig. 11 proposes a recapitulation of the range of questiatstrise when one wishes
to study the properties of a system of living organisms.
The classification takes its inspiration from physics; \pdes a quick assessment
of the expected difficulty of a question in the sense that:

e Time-dependent phenomena are more difficult to study thaniegum situa-
tions.

e Collective properties are more difficult to study than indual properties.

Individual properties
As an introduction we wish to propose a riddle and to show a film

Positions and orientations
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Fig.11 Properties of a system of living organismsThe questions are arranged in the form of a tree which
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is modeled on the classes of questions considered in ®alighysics. These questions are written in italic.

Fig. 12 has 4 panels. Two of them have been drawn accordingaigorctures of
euglenas. All little segments have been drawn in the positemd orientations of the
euglenas on the pictures. On the two other panels the posgiod orientations were

selected randomly. Farandy the numbers were drawn from a uniform distribution

on the interval0, 1), and the angular position was drawn from a uniform distrdout

on (0, 27).
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Fig.12 Simulations versus real pictures.Two of the images are simulations whereas the two other dejoe

the positions and orientations of real pictures. Is it gasdio distinguish between them?

Is there a way to distinguish the real pictures from the satioihs? We leave the

answer to the reader but personally we were not able to findaa cliterion?.

14The pictures of the real euglenas are 1 (top left) and 4.
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Positions and orientations give only a static picture. Byolimg a movié® we will
get a dynamic picture.

It reveals some interesting points.

e Euglenas may take two aspects: cylindrical segment-shapeégk-shaped. In
the second the euglenas do not move, except perhaps ratatmgertical axis.

e Some euglenas move straight ahead. Clearly such detetimimsvements
are very different from the erratic zigzags of a Browniantigle. In other words,
whereas the positions and orientations of the euglenasaeaisastent with a purely
random model, their movements are not.

A more quantitative analysis will be to draw the distribatiof velocities.

Distribution of sizes

Before that, however, there is another static propertyieaieed to examine, namely
the distribution of sizes. The distribution of sizes willeadt the distribution of veloc-
ities and if it is fairly broad it will be important to measutfee velocity distribution
on samples restricted to a given size. Fortunately this is\acessary because the
distribution of size is fairly narrow. It has a coefficient wdriation (i.e. standard
deviation/average) of 0.11 which is much less than the coexffi of variation of the
velocities.

Distribution of velocities

The Maxwell-Boltzmann distribution of molecular veloeisi in an ideal gas is well
known by physicists. It can be derived theoretically in trariework of the kinetic
theory of gases. Less well known, however, are the expetahésts of this law.
Direct experimental measurements did not come before tB@sL@&nd their accuracy
remained hardly better than 5%.

The pioneer experiment was the observation of the effudfectethat is to say the
production of a molecular beam, by Louis Dunoyer (de Segonnal911. However,
its experiment remained more qualitative than quantiatihe first experiments that
was accurate enough to allow a comparison with the M-B thstion came almost
20 years later first by Lammert (1929) followed with a bettecwaacy by Zartman
(1931). Zartman'’s results are in good agreement with the MsBibution for high
velocities but not for the lowest velocities.

A point of particular interest for the present experimentsild be to know whether
or not the distribution is changed when the source is a liqwgtkad of a gas. A paper
by Johnston et al. (1966) provides a comparison for the ddsaliam Il but because
many corrections had to be performed the interpretatioh®fésults remains fairly

SAvailable at the following address: http://www.|pthe $ie.fr~-roehner/euglena.html
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unclear.

For the experiment with euglenas we took several movies e&evhich had 500
iImages and corresponded to an observation time of 77s. Texr\@iion field mea-
sured2.02mm x 1.52mm. The euglenas were moving between microscope slide and
cover slip and the movie shows that they could not cross oathan In other words

it was a two-dimensional experiment.

For the highest density (18/sg-mm) the observation fieldatnad about 80 eugle-
nas but some 25% of them were disk-shaped euglenas whiclotidave®. All the
cylinder-shaped euglenas were followed over 10 imageg$)l.5he distance cov-
ered was approximated by a straight line from initial to fipaint. Then, the same
operation was repeated for a second series of 10 frame®tbesbut 10 seconds
later so that it may be considered as a realization indeperudehe first one. This
procedure was iterated several times.

' 1.5s| LR
> % ‘ ; ) ' objective
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-~ A » - = % P
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Fig.13a Pictures of euglenas over a time interval of 1.5 sewd. The two pictures in the first line show the
sort of pictures used for measuring the distribution of g#les. The red circles identify the movement of one
specific euglena. The pictures in the second line providett@rbeew of the shape of the euglenas but for
this higher magnification the number of euglenas containede observation field is too small for the purpose
of measuring velocity distributionsSource: The observations were performed in December 20t&itCell
cycle and cell determination” group of University PierrechiMarie Curie.

180nly a few euglenas switched from disk-shape to segmergesbavice versa during the 1.54s time intervals used
for measuring the velocities. Therefore this effect wadectgd.
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Prior to analyzing the distribution of velocities, theresaafirst useful check to be
made which was the following. Needless to say, to take theienine sample had
to receive low intensity of light coming from below the sampln order to check
whether or not the light had an influence on the motions of tlggemas (for instance
due to non-uniformity) we computed the sum of the velocibésll euglenas on
a given frame. A non-zero sum would reveal a drift due to amesgtry of the
light-source. In fact, the averages of theand y-components were less than 5%
of the average distance covered over the 10 frames. Nelestha correction was
performed by subtracting the drift before drawing the vejodistribution.

Before studying the modulus of the velocities, we studiearth- andy-components.
Their distributions turned out to be very well approximatgda Gaussian distri-
bution. The test was performed through the so-called “Hengthod” (see the
Wikipedia article in French entitled “Droite de Henry”). it based on the fact that
the values of the inverse function of the cumulated nornetlithution as a function
of the values of the random variable should be a straightifitiee distribution is
Gaussian. It was indeed a straight line with a coefficientraddr correlation equal
to 0.995. What will be the implication of this result for thistlibution of the modu-
lus of the velocity?

In probability theory there is a theorem (see for instanaeétal960, p. 324) which
says that if X, X5, ..., X,, are independent random variables each normally dis-
tributed with mean 0 and same variance, thes: \/X12 + X3+ ...+ X2 follows a

x distribution.

Moreover, from the properties of thedistribution'” one knows that its coefficient
of variation is given by the following formula%

CVpy = /72 =1 2~0.75, CVpeg =\/4/7 —1~052, CVp_g=1/37/8 —1~0.42

e The casen = 1 would correspond to euglenas moving in a narrow capillarity
tube with a diameter the size of the euglenas.

e The caser = 2 corresponds to euglenas moving between slide and cover slip
as in our observation. In this special case thdistribution is called a Rayleigh
distribution.

e The casen = 3 corresponds to 3-dimensional movements; it can be either
euglenas or the molecules of a gas. In this special casg diribution is called a
Maxwell-Boltzmann distribution.

From the results shown in Fig. 13 it appears that the coeffi@é variation is not

7See for instance the Wikipedia article entitled “Chi disttion”

8The fact that the coefficient of variation does does not dejpgion the variance of the Gaussian variables is not really
surprising. It is due to the positivity df; as a result, an increase in the variance will also incréesaverage. Moreover,
it can also be shown that when— oo, the coefficient of variation converges toward 0: G\M).7/+/n.
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Probability density of velocity (module)
Probability density of velocity (module)
Probability density of velocity (module)

Velocity (um/s) Velocity (Lm/s) Velocity (Hm/s)
Fig. 13b Velocity density distribution of euglenas.The 3 graphs from left to right correspond to decreasing
densities: 18/sq-mm, 5.3/sq-mm, 2.2/sq-mm. To these dsiog densities correspond increasing average
velocities: 31 micro-m/s, 40 micro-m/s, 68 micro-m/s. Thefficient of variation does not show any clear
trend. Its average for the 3 cases is 0.55, not far from th#ficeat of variation of a Rayleigh distribution
which isCV = \/4/7 — 1 = 0.52. Source: The observations were performed in December 20t®itCell
cycle and cell determination” group of University PierrecaMarie Curie.

far from the value 0.52 corresponding to the Rayleigh distton. One can also
see that, in accordance with what is expected from the crdwikewalk effect, the
mean speed decreases when the density increases .

Velocity distribution for ants

A similar study based on data for fire ants published in a boplPb Deborah
Gordon (2010, fig. 3.1) led to a coefficient of variation off.5

Temperature effects on movement

It is well known that the average speegd of the molecules of a gas increases with
Kelvin temperaturdl™: v,, ~ v/T. It would not be surprising to observe a similar
effect for living organisms. For instance it is well knowrattihe activity of ants or
bees is fairly low when the temperature is below 10 degresi@el Such an effect
has also been observed for groups of small fishes by studeBtsijang Normal
University.

A similar study for bacteria can be found in Schneider andt&ade(1977, p. 697).
They studied 4 species of bactéfiaver a temperature range from 10 to 40 degree
Celsius. For each species, the average speed increasettheviflelsius temperature

t like a function of the form®, o > 1. Over the whole range the velocity (averaged
over the 4 species) was multiplied Byl. Such an increase is of course much faster
than the increase of 7.

19p, mirabilis, S. typhimurium, S. serpens, P. fluorescens
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Relationship between local density and speed

In the previous section we have seen thawfbole samplesf different densities the

average speed decreases when the density increases. [h2Rige have also seen
that within a given sample the density is not uniform. Thede us to the question
of whether it is possible to identify a connection betweearalalensity changes and
changes in spatial average of velocity.

Methodology

In its principle the methodology is straightforward. Weid& each image into a
number §) of zones, then we compute the averages of both the demkjty 4nd
the velocity ¢,,,) in each zone; finally, we test the correlation of {lg,, v,,,) points.
The main difficulty is to implement this procedure in a way gfhiminimizes the
background noise.

More specifically, we divided each image irto< 2 = 6 zoneg®. Why 6 zones?

It appears to be the best compromise between two conditibithwan be explained
as follows. In order to minimize the fluctuations of the age® one needs as many
euglenas as possible in each zone. This implies big zoneshé&wother hand how-
ever, each zone (over the time interval required to comphde/¢locities) will give
only one(d,,, v,,) data point. Thus, big zones will give few data points and in ad
dition they will have a fairly narrow dispersion. This, inrty will lead to large
confidence intervals for the correlations. On the contramyall zones will give a
larger number of fairly “noisy” data points. In order to firttetbest compromise we
tried several subdivisions. The division into 6 zones tdroet to be the best choice.
With this choice there were about 10 euglenas in each zone.

Results

Altogether, based on 6@l,,, v,,,) data points, one gets the following correlation be-
tween density and velocity:

density-velocity correlation: » = —0.55, confidence interval (0.95 confidence level)—0.7, —0.2)
As zero is outside the confidence interval the correlatiornbeasaid to be significant.

Is the (density,velocity) connection a self-reinforcing rachanism?

The previous correlation implies that when an euglenaesnin a high density zone
it will slow down. As a result, by spending in this zone moradithan elsewhere,
it will contribute to the crowding. If this is really a seléinforcing mechanism it
should result in spatial density disparities that are shatipan those which result
from the mere effect of randomness.

In order to probe this effect one would need a series of pstijtaken almost at

20The images have 696 pixels in thealirection and 520 in theg direction.
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the same moment) covering a large area of the sample. Why eantwse frames
(sufficiently apart in time) of a film focused just on one nari@rea? The reason can
be understood by taking a look at the figures given above fochirstering process
for ants. In this case the self-reinforcing mechanism iser@m/ious when we watch
the whole population because we see a number of clustenmigrse However, if one
restricts the observation to a narrow area far from the efusg centers it is likely
that the density pattern will not be very different from oreséd on purely random
numbers.

The observation of a broad spatial area will be one of ourativges in forthcoming
experiments. To begin with, this can be done in a capillautye. However, one
needs to be very careful about possible disruptive effédigltt. The perturbations
brought about by light are described in the next section.

Reactions brought about by light

We describe 4 experiments which show various reactionseoétiglenas to light or
lack of it.

Positive versus negative phototaxis

Phototaxis is the ability to move in response to light. Theslokrule is that euglenas
are attracted by weak light and on the contrary repulsedroypgtlight. However, it
seems that there is no clear agreement in the existingtlireraegarding the thresh-
old between the two types of behavior. This may be due to tttetiat the reaction of
the euglenas to some extent depends upon their previouswgodlthough the ob-
jective of the experiment described in Fig. 14 was more tptale than quantitative
it sets the boundary between the two responses somewheirsdak60 lu¥t,

It can be noticed that the gathering of the euglenas in thiéiy@phototaxis experi-
ment was about three or four times slower than in the negphieéotaxis experiment.

No diffusion in dim light versus diffusion in darkness

When a batch of euglenas is introduced into a capillaritysglaube (1.15mm in
diameter) their behavior is very different depending on tiveethe tube is put un-
der uniform dim light or in complete darkness. In the firstegabere is almost no
diffusion, whereas in darkness the euglenas spread to thé&ewlbe within 30mn
approximately.

This is illustrated in Fig. 15. The first three panels condemcase with light. In
the last panel the green curves show the frozen diffusioeudich light whereas the

211 lux corresponds to a full moon night, 150 lux is what is nektderead, 130,000 lux corresponds to sunlight on a
bright summer day. The last case corresponds to 1000 W/shiohwives an equivalence between the two units valid
for sunlight.
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Negative phototaxis (over 400 lux) Positive phototaxis (less than 100 lux)

tube: diameter=1mm, length=70mm 1

in green: euglenas

1 hour

3 hours

Fig. 14 Positive versus negative phototaxisThe tube containing the euglenas have an internal diaméter o
about 1mm. In the experiment on the right-hand side a sheathvered the tube except for a 5mm interval
around the middle of the tube which could receive the fagtitlthat could reach the bottom of the b&ource:
The observations were performed in March-April 2014 at tRE HE (University Pierre and Marie Curie).

black curves show fast diffusion in darkness.

So far we do not have any explanation for the experiment dexstiere. It can
hardly be explained in term of phototaxis because it is atitareed by a lack of
motion.

Another behavior described by early observers (Engelm&a2,1IMast 1911) con-
sists in the fact that a light spot acts as a trap for the eagteonce they have entered
it they cannot leave it (like a night butterfly which flies angla lamp). However this
does not apply here for there was fairly uniform, low inténight on the entire cap-
illarity tube.

One question remains unclear: was the light level reallyonm? In other words,
was the luminance the same in all directions? In appearaseemed so. However,
the fact that we used two fibre-optic light sources, one oih eaae, raises some
guestions. Although these sources were at least 10cm tfstam the sample it is
possible that there were two opposite light gradients. iff iithe right explanation
for the frozen diffusion, and as these gradients were caytéairly small, it shows
that the euglenas are sensitive even to slight light graslien

In the future the experiment will be repeated in differemaitions.



33

Under dim umiform light Almost no diffusion occurmed
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Fig. 15 Negligible diffusion under dim light versus quick difusion in darkness. The two top panels show
that under dim light there was almost no change in the coretéon of the euglenas. A quantitative confirma-
tion was obtained by analyzing the longitudinal distribatiof the green color using software commands from
ImageMagick. Panel 3 shows the spatial distribution of geden and blue light at the start of the experiment.
The last panel shows that after 50mn the concentration er@fieasured by the green color) is almost the same
as at the beginning. The internal diameter of the capijlaube was 1.15mm and its length was 7cm. The light
provided by the microscope had a fairly uniform intensitgotighout the tube length.

On the contrary, in complete darkness there was a markeakuliff process with the result that after about
30mn the euglenas occupied the whole length of the tube. i$hepresented by the black curves: the solid
line is for the beginning of the experiment whereas the lottedbline represents the fairly uniform distribution
after 30mn. These curves are rather schematic because waedvight as much as possibl&ource: The
observations were performed on 31 March and 1 April 2014 avéisity Pierre and Marie Curie.

Effect of a sudden change in light intensity:Schreckbewegung

When the light is suddenly changed from red to blue the eaglstop moving, take
on a circular shape (perhaps trying to minimize their exdom®a). This occurs
very quickly in less than 0.3 s. As this behavior was first ovsced and described
by German researchers it became knowrsalreckbewegunghich means shock
reaction. It can be noted that as the energy of red light isitatnae half of the energy
of blue light? a switch from blue to red amounts to a reduction in light istsn

Moreover the euglenas may also be more sensible to someemgtklintervals than

22F) = h/\, whereh is the Heisenberg constant ahdhe light wavelength.
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to others.

Light induced clustering

Fig. 16 describes two experiments in which the clusterinthefeuglenas is brought
about by their exposure to strong light. What are the simtigar and differences
between the two experiments?

¢ In both experiments the light comes from below. Another Kty is the reac-
tion time which is of the order of 5mn.

¢ In the second experiment the height of the container is ab@wimes smaller
than in the first.

e Another difference is that in the second experiment thd igjapplied only to a
fraction of the container area, the rest of it receiving elat light comes (through
diffusion and reflection) from the lighted zone.

When the light is turned on the euglenas in the lighted zone haeaction similar
to theSchreckbewegurdgescribed previously. Yet, the cluster does not appeaisn th
zone but in its darker neighborhood. The experiment wasatedeseveral times with
same results.

Evidence of interaction

There are two fairly different methods for the identificatiof interactions between
the euglenas.

e The first method is to analyze a series of pictures taken &tcsuitly short
time intervals to allow a measurement of instantaneousciteds. The hope is that
the movements of the euglenas will reveal some kinds of pattdich are typical
of interactive individuals, For instance, if the corredatibetween their velocities
decreases for larger separation between them one mighiridethat it is a result
of their interaction. However, it can also be a consequeftieeoside-walk effect.
Indeed, if the euglenes slow down in areas of higher denbigywill result in a
separation-dependent correlation.

e The second method is to observe a form of collective motiah¢annot easily
be explained without interaction.

We have tried the two methods. In the films in which the euglemare between

slide and cover slip we never saw any clear. pattern of doleedehavior. It was

probably due to the fact that there was only one layer of euageAnother factor is
the fact that when working with a substantial magnificatioa dbservation field is
so small that one may well miss an existing collective patter

One of the clearest results obtained in analyzing the momenweas the relationship
between average velocity and local population density. dther tests were rather
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Fig. 16 Clustering brought about by exposure to strong light In both cases the clustering process takes
about 5mn which means that it is some ten times faster thaclubtering of ants described previousBource:
The first observation was analyzed in detail in Suematsul(R0ILhe pictures were taken in December 2013
and March 2014 at Beijing Normal University and Universitiefe and Marie Curie respectively.

inconclusive.

In the two following subsections we describe two collectivevements: (i) the for-
mation of clusters (ii) the formation of networks.

Aggregation of euglenas

As already said, the formation of high density areas can péamed by the side-

walk effect. However, the clusters shown in the pictureseaiteeme forms of high

density areas in the sense that the euglenas form a soliddaanghich they seem to
be completely steady; in fact the bundle is so compact thaifficult to see what

happens inside. The main point is that without any attractibe euglenas would
just swim around the clusters whereas on the contrary orseaspermanent flow of
euglenas entering and leaving the cluster.. In other wands,has the feeling that
such clusters cannot be explained through the side-wadkteff

There are two other mechanisms that are mentioned in thatlite for explaining
the formation of clusters: one is self-shading and the dtf@ronvection.
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Fig. 17 Small- and medium-sized clusters of euglena¥Vhen euglenas are observed between slide and cover
slip there is only enough space for one layer of a thicknessrar 70 micro-meters; in such conditions they
cannot cross one another and (for some unknown reason) difommotany stable clusters. In the present
experiment the euglenas waret between slide and slip. They were in a kind of mini-swimmirmaplpvhich
was 2mm wide, 100mm long and 0.4mm deep. The pool had beenwadgight to prevent evaporation. For
most of the time the euglenas received very little lightglégan 30 lux) except during the short time intervals
when pictures were taken. During these moments the lighedaom above for it was an inverted microcope
that was used. The circles and ellipses show clusters afussizes. The cluster inside the light blue circle can
be seen to move around globally. Also of interest is the faat the mini-cluster inside of the magenta circle
almost disappearedource: The experiment was done on 14 May 2014 at the Urtivd?grre and Marie
Curie (IMPMC)

The conditions of the present experiment were chosen witlptinpose of eliminat-
ing these effects.

To eliminate self-shading the euglenas were left all theetimlow light (less than
30 lux) except when the pictures were taken.

To eliminate bioconvection that is to say vertical up and domovements of the eu-
glenas we put them in a swimming pool whose depth was only i@.5frhis would
allow several layers of euglenas but would likely be too oarto have any substan-
tial vertical movements. In addition, whereas bioconwectgxperiments involve a
bright light source beneath the euglenas, in our experithené was none.

Network formation
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Observation
Observation shows show that, in some conditions, the eaglfemm a kind of lattice.

4 mm

Fig.18a Formation of networks of euglenasThe “swimming pool” of the euglenas comprised two circle-
areas connected by a narrow canal. However, in the presenafion of networks the communication canal
probably did not play any role for each circle-area seemethémge independently from the other. The depth
of the pool was 0.5mm which means that there were certainraklayers of euglenas. The network appeared
some 20mn after the device had been filled (at 11:15 am). Kistélal almost unchanged for several hours
but disappeared during the night. At 9:00 am on the followimgyning all euglenas were on one side in the
left-hand side circle-area. In this area their density veasyf uniform. The image on the right-hand side is a
negative version of the original picture; moving over to tiegative slightly improves the contrast. The origin
of the small bubbles is unclear. They disappeared a few Hates The 3 big circles (one on the left and two
on the right-hand side) are the holes (of diameter 1mm) tiivovhich the euglenas were injected.

The same observation can be made when the depth of the swinpmahis 0.1mm that is to say about twice the
length of the euglenasSource: The experiment was done on 2 June 2014 at the Urijyv&igsirre and Marie
Curie (IMPMC). Many thanks to Dr. &line Ferard for her help.

Can the formation of such a lattice be interpreted as a prbdfie existence of
inter-individual interactions? The best we can do to geeardr insight is to discuss
briefly other (better known) cases of lattice formation. W start with the simplest
case and then move by steps to the more complicated cases.

First we will discuss the static situation of an isolatedtsgswhich occurs in the
formation of crystals. Then we discuss the formation of difedes which is a static
situation for a system that is not isolated. Finally we deschioconvection which is
a dynamic effect in a system subject to an exogenous faogbit)|

Crystals
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In physics, more precisely in crystallography, observétickapatterns are the result
of inter-atomic interactions.

As an illustration, one can mention the case of solid sodibtarde, NaCl, which
forms a simple cubic lattice in which sodium and chloridesi@iternate with each
other. Every positive sodium ion Nais surrounded by 6 negative chloride ions
CI~ and vice versa. The surrounding ions are located at thecesrtf a regular
octahedron. This lattice is called a face-centered culticéa

There is of course an electrostatic attraction between dséiye and negative ions.
However, the fact that a Ndon is in equilibrium (except for small vibrations) should
not be interpreted as resulting from the fact that the &ttas of the 6 chloride
lons cancel each other for this would lead to an unstableibgum. In fact, the
equilibrium results from the existence, in addition to thec&rostatic interaction, of
a strong short-range repulsive force.

One may wonder why sodium chloride forms a face-centeréiddéathereas cesium
chloride forms a body-centered lattice. The reason is etial with the size of the
lons and the range of their ionic interaction. The spacenatbfor the sodium ion
Is determined by the ion radius of the sodium chloride andneygeometry of the
lattice. Sodium has 11 electrons, whereas cesium has 5%, it into the crystal,
cesium needs a different geometrical arrangement thanmsodi

In short, one can keep in mind that for an isolated systemaimedtion of a lattice is
due to inter-individual interactions and that the shap&eflattice reflects individual
characteristics such as size and interaction range.

Snowflakes

For a system subject to exogenous factors the situation re wamplicated. An
obvious illustration is given by the shape of snowflakes.héiligh all snowflakes
consist of crystals of ice, they occur in a great variety @fds. Why?

Several exogenous factors such as temperature or theydehsiaiter dropplets will
affect the formation of snowflakes. Moreover, between tf@imation and the mo-
ment when they become big enough to be released from the, doodiflakes expe-
rience a growth process which can last from a few minutesweraéhours depend-
ing on condition$®. The final shape will reflect both the shape of the seed-drysta
and the conditions experienced during the duration of drowdor instance, initial
crystals with a thin edge grow faster, ultimately leadintprge, thin flakes, whereas
snowflakes that begin with blunt edges grow more slowly aratialy lead to small,
thick flakes.

Bioconvection

23|n laboratory conditions for a tiny crystal of ice to growara snowflake may typically take about 45mn.
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Ever since the first systematic observations done by Wagé®irl, the lattices
formed by the euglenas were attributed to the phenomenoroobiivection. The
models of bioconvection rely on the so-called Rayleighldanstability. This hy-
drodynamic effect occurs when a liquid of densityforms an upper layer atop of
a liquid of lower densityp, < p;. For instance, in the experiment described in
Plesset and Winet (1974%0, = 1.008 (corresponding to a concentration of eu-
glenas ofc; = 1,400 per cubic-mm) ang, = 1.007 (corresponding t@, = 560
euglenas/cubic-mm).

Fig. 18b Formation of a network of euglenas (seen from above) he “swimming pool” of the euglenas was
12mm deep and the upper layer had a thickness of 1.5mm (thefthe depth with respect to the upper-layer
remains somewhat unclear). The authors do not give the tdught. It is said that the “photographs were
strobe-illuminated” but we do not know what was the leveligit between the observations. The authors also
do not say how long the network remained unchangsulirce: Adapted from Plesset and Winet (1974).

Plesset and Winet say that the onset on instability is ckenaed by a pattern of
falling fingers which is maintained by “return upward swinmgii of the organisms.
They explain the upward swimming by the fact that the micrgaoisms under con-
sideration (namelyfetrahymena pyriformjshave negative geotaxis that is to say a
tendency to go upward. Yet, why should organisms which haeh san upward
swimming tendency let themselves fall to the bottom onceg tiaee reached the sur-
face. In other words what we have here is the assumption oabbdnavior. When
they fall to the bottom, the organisms behave like inertiplad, yet when they swim
upward they behave like living organisms. Does the tramsifiom one state to the
other not require an explanation?

The explanations set forth by Harold Wager (1911) to accéomnthe patterns he
observed withEuglena viridisraise the same difficulty. Just &uglena gracilis
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Euglena viridishas positive phototaxis (i.e. it is attracted by light) umtgiven in-
tensity threshold above which it has negative phototaxes, tWis property played no
role in most of the experiments done by Wager because theypezformed in dark-
ness. Light was applied only for taking pictures. Consetjygohototaxis cannot be
invoked to account for the downward or upward movementsettiglenas.

On the contrary, in more recent expriments (e.g. Suemats)2be phototactic
property of the euglenas plays a role because a strong bgapplied under the
sample. Thus, the upward movement is easily explained ¢ftraegative phototaxis
whereas the downward movement may possibly be explaineddiher effect such
as self-shading or the fact that (for some reason) the eaglsiop swimming

The experiment reported at the beginning of this sectiopraieg to which a lattice
pattern appears (i) in darkness and (ii) in a swimming podiegith 0.1mm or 0.5mm
suggests that one needs another explanation than biod¢mme& depth of 0.1mm
means that there are at most 2 or 3 layers of euglenas. Inwtnds such a case can
probably be approximated as a 2-dimensional problem. Addiitian no exogenous
factors (sich as light) needs to be taken into account, te@tson is much simpler
than bioconvection. Moreover, as the lattice remains umged for several hours it
IS legitimate to assume a stationary state.

Two compartment experiment

A two-compartment experiment with ants was describedezarithe section about
clustering. It is natural to try it also with euglenas. Theufigbelow describes the
device that was uséti

/

)

plastic sheet
e=0.1mm, 0.5mm,2m

‘$3mm

=

Fig. 19 Size and sandwich structure of the two-compartmentwimming pool.

The main challenge was to fill the swimming pool with euglebas without air

24n fact we used the same device for the lattice experimergumsEone experiment was in fact the continuation of the
other. For lattice formation the fact of having two compagtits played no role. It had just the advantage of giving two
parallel observations instead of a single one.
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bubbles. The technique depends on the depth. Thus, for b dépt= 0.5 mm the
droplets injected through one hole spread to the hole pdur@as foe = 0.1 mm
increased friction hinders the spreading. In this caseulgée@as must be introduced
before the sandwich is closed; a layer of grease will premaptleakage in this first
phase. Once the device was ready with the euglenas insitiedh®les were closed
to prevent any evaporation.

The experiment was tried for 3 depths, namely= 0.1,0.5,2 mm. It led to the
following observations.

e Immediately after the device was filled and ready it was pwiamplete dark-
ness under a metal box. In order to make an observation thevé®opened at time
t = 15mn andt = 30mn. Fore = 0.1mm ande = 0.5mm a lattice formed, as
already described. Fer= 2mm no lattice formed.

e Once formed the lattice remained identical for several sour

e In the following hours (in most experiments this was duringht-time) the
lattice disappeared and was replaced by a smooth and undistribution. Although
the distribution was fairly uniform on each side, the coriagion was not the same.
Most of the euglenas were located one side.

On the contrary, foe = 2mm the density remained the same on each side.

In the following weeks these experiments will be repeateth wpecial attention
given to the role of the initial concentration of the eugkena
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