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Investigation of apparent correlated motion of Brownian particles
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We, as well as other workers, have noticed using light microscopy that particles undergoing Brownian
motion can appear to linger around each other for long periods of time. The question arises as to whether this
lingering is a product of interparticle interactions, or is an artifact due to random thermal motion and projection
onto a two-dimensional image plane. To answer this question, we produced digitized animations of colloidal
particles using light microscopy images of a system composed of micrometer-sized latex spheres suspended in
water. Six observers, unfamiliar with the experiment, watched these animations for lingering among the
particles. Control animations were also generated from these data sets in which correlations due to particle-
particle interactions had been destroyed, but the probability of the aforementioned artifactual correlations
remained unchanged. We found that the differences in what people observed in the real and control data were
not statistically significant. Thus, we conclude that any lingering observed on the time scale of 10 s and the
length scale of 5um is the result of the random motion of the particles and projection effects. By way of
explaining this result theoretically, we find that on this length and time scale, hydrodynamic interactions
dominate over electrostatic and van der Waals forces. Accordingly, we present numerical and analytical
calculations of the enhanced lingering associated with the decrease in hydrodynamic mobility of closely
separated particles. These calculations give results which are consistent with the conclusion that the enhanced
lingering effect is too small to be seen by an individual obserf\#&t063-651X97)13908-3

PACS numbegps): 82.70.Dd, 07.05.Rm, 05.408j, 47.90+a

I. INTRODUCTION ian motion in water; half of these animations were represen-
tations of real data, while the remainder of the animations
While viewing dilute colloidal suspensions through a mi- were composed of reference data in which nonartifactual cor-
croscope, we, along with other workdrs-3], have noticed relations between particles had been removed by a scram-
that particles occasionally appear to linger around each othdiling procedure. Schirato and Franck found that in a pure
for unusual lengths of time while undergoing Brownian mo-simulation of a colloidal system, such reference data enabled
tion. Cheunget al, during the study of a colloidal system efficient detection of correlated motidb]. Our observers
confined to a soap film, actually observed pairs of particlesvere not told about the different types of data sets, but were
swirling around each other, a motion they likened to “squareonly asked to find “lingering” events between particles. We
dancing” [3]. The traditional physics approach would be to examined their responses without knowledge of the nature of
take these observations as an interesting sign of correlatdde data sets, thereby providing a double blind study. After
motion, and attempt to develop an entirely objective measureaking into account differences in particle density between
of the lingering effect. This measure could then, for examplethe movies, it was found that no more lingering events were
be coded into a computer, which could then analyze manyoticed in the real data than in the scrambled, or reference,
hours of digitized microscopy data in the search for ex-data. Numerical and analytical estimates of a lingering effect
amples of this lingering phenomenon. Chewt@l. actually  due to quasistatic hydrodynamic interactions are consistent
employed this approach, choosing the two-particle relativevith this conclusion.
diffusion tensor as their lingering measufy. In Sec. I, we discuss the Brownian colloidal system and
While the traditional approach yields information aboutthe steps involved in transforming the visual image in the
the actual interactions present in the system, it has no bearingicroscope into the animated movies the observers actually
on the initial inspirational observations, as it does not answesaw. This includes digital image processing, particle track-
the question: are people actually observing correlations dumg, and the generation of randomized data sets. The ob-
to particle-particle interactions, or are the apparent correlaserver methodology is also discussed.
tions only due to perception based artifaft§? Random In Sec. lll, the results of the experiment are presented. We
thermal encounters could be responsible for keeping two padefine a statistic that scales away individual observer biases
ticles near each other for long periods of time. In addition,to give a measure of the particle interaction strength. This
particles that appear close in an image may in fact be widelgnllows us to make quantitative estimates of the expected re-
separated, because, in light microscopy, one typicallsults.
projects a three-dimensional region onto a two-dimensional In Sec. IV, we show that on the length and time scales
image plane. These projection effects could be responsiblelevant to our system, particle-particle hydrodynamic inter-
for some of the lingering of particles. actions dominate over other forces, and we estimate the in-
In this work, we attempted to answer this question di-teraction strength using computer simulations and analytical
rectly by presenting naive observers with animated moviegpproximations. The Langevin equation is solved numeri-
of micrometer-sized polystyrene spheres undergoing Browneally with and without pairwise hydrodynamic interactions
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present. A perturbation technique is developed for finding an
approximate analytical solution to the diffusion equation in-
cluding hydrodynamic interactions. We compare the numeri-
cal and analytical results with the results of Sec. Ill. Previous
studies that used dynamical information to investigate colloi-
dal interactions did not include this hydrodynamic contribu-
tion [6—8] (which, we feel, in principle, should be included
Cheunget al. believed hydrodynamic interactions to be re-
sponsible for the anomalous particle lingering in their two-
dimensional system, but proposed no quantitative theories to ¥
explain it[3].

Il. EXPERIMENTAL DESIGN

A. Sample

The charge stabilized latex particles used in this work
were provided by Central Scientifistock number 72704.11
[9]. They had a diameter of 1.054n, and were shipped in a
1.5% volume fraction solution. We used a colloidal suspen-
sion consisting of one drop of this solution diluted in 5-ml
deionized watef1]. This yielded an estimated volume frac-
tion of $=0.0005. The Einstein-Stokes relatiod,
=kT/67na [10] gives the free-particle diffusion coefficient
Do=0.41 um?s, whereT is the temperaturey is the fluid
viscosity, anda is the particle radius. . . . .

The sample cell was constructed by adhering two standarad€ processing tools and C "br?ry functlons_.
cover slips flat on a microscope slide using vacuum grease The simplest method for extracting the particles from the

such that their inner edges were approximately parallel. Se\}—mlagfs involves thre;ho:jdlrg)g the |ma%es sulc? that th(_a pzr-
eral drops of the diluted colloidal system were put in thiglicle features are retained, but any artifactual features in the

rectangular well, and a third cover slip was placed on top t ackground are suppressed. However, the presence of low

close the system. The openings in the sides were plugge?xoatial frequency light in the background with intensity close
with vacuum grease. The height of the sample cell is then th that of the particles themselves makes it difficult to choose
width of a cover slip. approximately 226m, and the width the optimal thresholding level. We chose the threshold level

and length of the cell are approximately that of the top covet'SINg a method that tr.eats edges n the image as _the most
slip, or 1x 1 cn?. important features. This technique is as follows. First, we

applied a Sobel edge detector to the imadie. The mag-
nitude of the edge detector function is a measure of the
strength, or quality, of the edge. This gives an edge map for
The sample was viewed under an Olympus IMT-2 phaseeach image. Next, the original images were thresholded at
contrast microscope, and the particles were imaged using gray levels ranging from 0 to 255, resulting in a series of
video camera and recorded with a video cassette record&inary images. In these binary images, we defined an edge to
(VCR). An Analogic frame capture card installed in a per- be any pixel having a different valued nearest neighbor pixel.
sonal computer was then used to digitally capture frameJhis procedure results in an independent set of edge maps.
from the videotape at the rate of 7.4 frames/s. This was th&he threshold figure of mer{TFOM) is defined as the mag-
fastest rate achievable due to limitations of the VCR anchitude of the Sobel edge operator averaged over the pixels
controlling softwarg11]. Because the frame capture is field where these two edge maps coincidé&]. A high TFOM
based, each frame is composed of an odd line field and andicates that the edges found by the Sobel algorithm and by
even line field interlaced together, takgns apart, yielding the thresholding operation are similar. Thus, there are 255
a total frame rate of 30 frames/s. iy of a second, the TFOM's for each image, one for each possible thresholding
particles will move about 0.1m in the x-y plane, or a level. For all the images, a plot of the TFOM versus thresh-
sixth of the particle diameter, so the interlacing is not ex-olding level exhibited a wide plateau at a gray level of about
pected to cause significant distortion of the image. 160, so each image was thresholded at this gray level to
A total of 208 s of video was digitized, which correspondsproduce a binary image. A frame of video after this process-
to 1538 frames. The raw images are in eight-bit gray-scaléng is shown in Fig. 2. These binary images were then seg-
tagged image file formdfTIFF) format, and have dimension mented into regions of “on” and “off” pixels, and the co-
400x 400 pixels, which corresponds to 118.014.8um? in ordinates of the center of mass of each of the connected
real spacg¢12]. An example of a captured frame is shown in regions of “on” pixels were recorded. These were inter-
Fig. 1. The bright spots correspond to the particles. The impreted as the coordinates of the particles in the images.
ages were manipulated using a software package cailed This procedure sets the depth of fidldo 10.7+2.7 um,
sionx [13], which was developed at Cornell University by which was determined by moving the focal plane of the mi-
A. Reeveset al; vISIONX consists of a large collection of croscope through particles that had adhered to the top cover

FIG. 1. A frame of digitized video before image processing. The
image has dimension 11814.8um? The particles are repre-
sented by localized regions of high intensity.

B. Digital imaging
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FIG. 2. The digitized frame of video in Fig. 1 after image pro-  FIG. 3. Flow diagram of the tracking algorithm. The “linking”
cessing. of particles indicated in the diagram refers to the process of linking
particles in different frames together to form trajectories.

slip. Images taken at different depths were digitized, and
processed as described above. Since after image process
the particles are either “on” or “off,” the depth of field was
easily determined. Section Il C will describe how these co
ordinates were linked together to form tracks.

t we tended to focus our attention on the interactions be-
tween individual particles, and ignored any aggregates. We
assumed that other workers noticing this lingering effect
have also limited their attention to single particles. We
wanted the system to appear to our observers as it appeared
to us originally, and, thus, since many of the tracked objects
are actually aggregates of particles, steps must be taken to

Particles undergoing random motion are particularly dif-eliminate these aggregates’ tracks. One possibility is to allow
ficult to track. This is due to the lack of velocity or accelera-only those tracks for which the particle’s size stays within
tion correlation from one frame to the next. The only infor- certain size bounds during its entire lifetime. However, size
mation available to track one particle from frame to frame isfluctuations along a particle’s track would not be handled
the location and size of the particle. Recently, there has beewell by such a thresholding operation. If the size bounds
great interest in using digital microscopy data to trackwere made too large, some aggregate tracks could be al-
Brownian particles in order to learn about various types oflowed, and, if the bounds were too small, then a patrticularly
particle interaction$1,3,6—8,16. However, most of the rel- large size fluctuation could eliminate a valid single particle
evant papers give no details of the particular tracking algotrack. The solution to this problem is to “soften” the thresh-
rithm used, with a notable exception being a recent paper bygld by the introduction of hysteresis as follows. The first
Crocker and Grief8]. Thus we give a detailed description of stage of the filtering process allows only those tracks which
our tracking algorithm here. are likely to be associated with single particles. Along such

The tracking software attempts to link particles that aretracks, a particle will have, at least at one point along its
spaced closely in space and time and are similar in size. lifetime, a size close to the “optimal” size of a particle.
accepts two user-defined parameterswhich specifies the Once these tracks are identified, a further size cut is made,
search region in spatial coordinates, andvhich specifies where we reduce the effect of fluctuations by using much
how far out in time we should search. A flow diagram is more relaxed size bounds than in the first cut. A track will
shown in Fig. 3. The spatial search radius can sometimegass this second cut if the particle satisfies these relaxed size
extend past the original valuefor the following reason. If a bounds at all points in its lifetime. The numerical factor by
particle drops out of the field of focus for a few frames, then,which the optimal upper and lower size bounds are increased
when it eventually comes back into view, it will likely be and decreased respectively in order to compute these relaxed
further away from its initial position than if it had still been bounds is called the “hysteresis coefficient.” For example, a
in the field of focus in the subsequent frame. The growth ofysteresis coefficient of 2.0 would mean that the particle’s
the spatial search radius as the square root of the number size would have to satisfy the optimal size bounds for at least
skipped frames reflects the diffusive behavior of the parone frame, and be greater than one-half the optimal lower
ticles. size bound and less than twice the optimal upper size bound

The result from the above algorithm is a set of coordinatest all times. The tracking software allowed the specification
for each particle as a function of time. During our visual of the optimal upper and lower diameter bounds, as well as
inspection of the inspirational colloidal video data, we foundthe hysteresis coefficiefit7].

C. Particle tracking
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of the video data on which they were based.

D. Generation of reference data sets

Three groups of 350 frames were extracted from the origi-
nal data set, as it was found in preliminary trials with mem-
bers of our research group that this was about the limit of a
person’s patience. Control, or reference, data sets were cre-
ated by treating each particle’s track as if it were a rigid
two-dimensional wire, and then randomly translating and ro-
tating it to a new position. This procedure destroys any cor-
related motion due to particle-particle interactions, but leaves
intact apparent correlated motion due to random thermal en-
counters and projection effects. This was done for each of
S—— —— the three original data sets, and yielded three reference data

2 L b | sets. In order to eliminate any boundary effects of the ran-
BackStep |  Stop Play Step | Comment l domization method, and reduce the total number of particles
‘ Wiad on screen to the more manageable level of about ten particles
B Ermineoite TGN per frame, the center 2600 pixel section of each of the

Please enter any general observations concerning the particles you have . .
marked in this frame. The coordinate system can be used to identify multiple six total data sets was extracted. The length scales in these

pairs marked in a single frame. Use the mouse to change the cursor insertion

point. Please enter <Return> after every line. Press OK when done. data sets were subsequently increased by a factor of 2 to
H bring the size back up to 4060400 pixels, as this was a

pleasant size for viewing.

In preliminary work, it was found that choosing certain
values for the adjustable parameterandt in the tracking
algorithm resulted in particles being frequently misidentified.

FIG. 4. A screenshot of the animated movie player. The frameNhen an identification error exists, the algorithm used to
shown is the same as in Figs. 1 and 2, but magnified by a factor greate the reference sets will treat what should be one parti-
as described _Iater in thg tex_t. Note that only the_ particles that pasgie’s track as two or more different tracks, and will split up
through the discussed size filter appear. Thessgr_'d only appears - the continuous track into multiple tracks scattered over the
Whe.n t.he Ob.servers make comments, and disappears while trQ/(?ewing area. Thus, upon viewing with the AMP, the refer-
movie s playing. ence data appear more discontinuous than the original data.

The appropriate optimal upper and lower bounds on thélfherefore, the paramete_rs_andt used in the_tr_ac_king algo- .
particles’ size were determined by visual inspection of therlthmlwehre c_hosler(;_f?mplrlcallyt/) S0 as toh m|n|n|1|zedappr((j)X|-
images and from the distribution of particle sizes. A particle™ately the visual differences between the real and random-

in the focal plane of the microscope has a diameter of abodg®d data. The values=6 andt=6 were found to give
four pixels. This diameter can increase or decrease somewhg@tisfactory resuits.

due to various optical artifacts that occur when the particle is

slightly above or below the focal plane. Thus the low- and E. Observer methodology

high-diameter cutoffs were set to one pixel and six pixels,

respectively. The hysteresis coefficient was set equal to Z'QNere graduate students in physics at Cornell University.

pecause, if two partlcles happeneq to pass over one anqth%reat care was taken to ensure that they had no prior knowl-
it would appear in the two-dimensional image as a collision

s . edge of any details of the experiment. Each was brought in
of two particles, and the software would treat it as one IargemdividuaII and was presented with three real and three
particle of twice the size of a single particle. Using this value Y, P

of the hysteresis coefficient ensures that the size bounds Wirlpference MOVIES In a random orde_r , but the observers had no
not be violated if this occurs. way of knowing if they were looking at real or reference

In order to transform the coordinates of the particles intodat@. They were allotted 5 min to view each movie and make

animated movies of Brownian motion, we developed a toofomments. The work was completed in a single day to elimi-
called the animated movie playékMP). This software was nate the possibility of communication about the experiment
written in a combination of Tcl/Tk and C on a RS/6000 among the observers. The only guidelines as to what they
running AIX 3.2. A screenshot is shown in Fig. 4. The AMP should be looking for was contained in the following para-
has standard features: play, rewind, frame step advance, ag&aph.

frame step reverse. The particles are represented as filled Objective: To watch the “movie” of the particles under-
circles with a diameter consistent with the scale in the origi-going Brownian motion, and take note of any particles that
nal image. There is also added functionality to enable theseem to be “lingering” around each other for an unusually
user to flag particles in the movie and make comments aboulbng time, or any other interesting behavior.

them. The observers in the experiment used this software to After each observer finished, he or she was asked if there
watch the digitized sequences of images. We adjusted theere any problems with the software during the run. None of
frame rate in these animations to coincide with the frame rat¢he observers reported any difficulties.

Six observers were used in the experiment, all of whom
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TABLE I. Number of lingering events scored by RD and CF for each observer and data set. The first
number in each entry is RD’s scoring, the second is CF’s scoring. Discrepancies are discussed in the notes at

the bottom.
Frames 1-350 Frames 351-700 Frames 701-1050
Observer Original Reference Original Reference Original Reference

1 1/1 3/3 0/0 0/0 1/1 3/3

2 2/2 3/3 1/1 1/1 1/1 4/4

3 3/ 2/2 1/ 212 21P 11

4 22 5/5 1/8 43 33 212

56

66

&The phrase “fused together” was used in some of the comments. RD counted these as events, CF did not.
bOnly one particle was marked in one of the comments, but the wording of the comments suggested that the
observer simply forgot to mark one of the particles. RD counted this as an event, CF did not.

‘One of the comments was that the distance between a pair of particles “grows steadily in time.” CF counted
this as an event, RD did not.

%The comment, “This pair just blinked on,” was counted as an event by RD, but not by CF.

®Observer 5 explained that she was looking for events in which the particles “flowed” parallel to one
another, instead of just lingered together. Observer 6 stated that the objective was not well posed. We
therefore discounted the responses of these observers.

Ill. RESULTS we will discuss in more detail below. We assume that there

, . i'ta some threshold stimulus at which the response will in-
The observers’ comments were stored in such a way thacrease rapidl
we could view them without knowing whether the comments pidly.

were associated with a real or reference set, and resulted in The probability that a given pair will be marked is the
; . " o dhserver's response function at a given stimulus level, times
double blind environment. Initially, we simply read through

, he probability of that stimulus level, summed over all pos-
each of the obs‘Ervers{ cc,)’mm“ents. We Ic’),oked for, and founc}Sible stimulus levels. We will approximate the response
words such as “lingering” or “attracting.” We also checked

whether two or more particles were marked for each Comfunctlon as a step function with low valug and high value

ment. In many cases, the observers noted a “blinking” of>‘2' The probability of a marked pair is now jus} times the

particles, but this was just an artifact due to track breakspmbab”ity that the stimulus is greater than the crossover

After this initial reading, we used special viewing softwarevalue’ plusk, times the probability that the stimulus is less
; ‘o g ” : than the crossover value.

to complete our evaluations. This “viewer” was also written L . .

in Tcl/Tk and C, and was very similar in appearance and Let us put this into a more mathematl‘(‘:al frgmework_ ‘,J,S'ng
functionality to the AMP. The viewer allowed us to play proba_b|I|ty theo_ry. We W'." use the term _cand!date pair” to
through the movies to see which particles the observers h scribe a pair of particles that are Ilngermg_ above the
marked and what comments they had made at differen res_hold str(_angth level. We will denote the existence of a
points during the movies. Due to the subjectivity involved incandldate pair by the letté, and the presence and absence

the evaluation of the comments, the auth@RD and CB of pairwise patrticle interactions bl and N, respectively.

: . ; he conditional probability that a given pair is a candidate
evaluated the comments independently in order to provide ; o . .
consistency check and to aid in the estimation of uncertainP&!" 1S then?(C[1) andP(C|N) for systems with and with-

ties. Table | shows the number of events detected for eacht ir_1teractions, respectively. We wil de.nOte the mark_in_g of
movie. In almost all cases, RD's and CF’s evaluations® P&/ by an observer bg. The probability that a pair is

agreed, but discrepancies arose when ambiguous Wordi%arked by an observer, conditioned on whether or not inter-

was used in the comments, and specific examples are not tions are present, is given by

at the bottom of Table I. Two of the six original observers

did not respond in such a way that they could be included in ~ P(E[)=P(E[CNI)P(C|I)+P(E[C°N)P(CI), (1)

the study, as noted in footnote e of Table I, so, in subsequent

discussions, the word “observers” will refer only to the four  p(E|N)=P(E|CNN)P(C|N)+P(E|CSNN)P(CE|N),

remaining observers. 2)
We assert that the number of events found by the observ-

ers depends on three factors: the strength of the interactiqfere a superscrifit denotes the complement of the event.

between the particles, the total number of particles in the Now we make the following assumptions:

field of view, and the inherent tendency for an observer to

find events. In order to quantify this last factor, we assume

that pairs of particles represent a stimulus which can trigger

an observer to mark a lingering event. The “strength” of the

stimulus is how strongly the particles are lingering, a concept P(E|C°N1)=P(E|C°NN)=N\;. (4

PE|CNI)=P(E[CNN)=\,, (3)
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In other words, as long as the particles are lingering neajyhereA is the field of view area in thg-y plane, and\, is
each other above the threshold level, it does not matter ifhe average number of particles per frame in the field of
they are interacting or not; they will still be marked. Define view, and thus

pi="P(C|l) and p,=P(C|N) as the probability of the for-

mation of a candidate pair conditioned on whether interac- pi=ANTRZ/A, (9
tions are present or absent, respectively. Then Egsand _
(2) become Pr=TN\TR?/A, (10)
P(E|1)=Nopi+ N1 (1—pj), (5) where we neglected the correction for the volume of a par-
ticle, andN andN, are the average number of particles per
P(E[N)=N2Pp+N1(1-py). (6) frame in the field of view in the interacting and noninteract-

ing cases, respectively. Note that we implicitly assumed in
We can introduce an excess event statiatle, which ex- the defi.nition of.the Iingering probabilityp that the pair
presses the fractional difference in the event probabilities fofOrrelation functiong(r) is given byg(r)=0 for overlap-

the interacting and noninteracting cases, as follows: ping particles, angy(r)=1 otherwise. This is valid, as the
volume fraction is very low.
P(E)—P(E|N) The actual number of events marked in the original and
=7 , (7 reference data sets will be calléd; andE ., respectively.
3[P(E[1)+P(E[N)] We assert that, for a given event probability, b&f, and
. ] EreScale as a single power b, since we expect observers
which, using Eqs(5) and (6), becomes are looking only at nearest-neighbor pairs, and not at all
possible pairgwhich would give scaling abﬁ). Thus we
E— Pi—Pn (g  expect that
Lip. + + ' _
PP Eoig=2 (T NPEID, @
whereB=((A,/\;)— 1)~ ! quantifies human discrimination. —
Assuming that\,=\; (a person is not more likely to mark Eref:Zf(Tdur)NJP(Em)’ (12

noncandidate pairs thar_1 cgnd|date pamge _ha_veﬂ_zo, wherez is the number of nearest-neighbor pairs considered
where a small value oB indicates good discrimination be-

~ by the observers for each particle, which we take to be of
tween “real” and “false” events. We assert that the design y P

of the e . SO 0order 1.f(T4u) is some increasing function of the total du-

xperiment was such that the discrimination was goo ration time of the animatioff4,,, and accounts for the pos-
and thusg~0. We_will later check this assertion against theSibility of a candidate pair f((j)urrrhing at any time during the
.dat.a' By construction;: 2<AE<2, where ava_llue close to 2 animation, i.e., the longer the movie, the more chances there
indicates a strong tendency for particles to linger, whereas e for lingering events to occur.
\;31;13 ﬁlr:);grit:élz indicates a strong tendency for particles toE Combining the relatiqns fOErg, Evefs Pi @nd p, with

. . . . gs.(5) and(6), we obtain
Exactly what constitutes a lingering event is undoubtedly

different for each observer. However, after careful examina- — TR? —
tion of the movies and comments using the viewer software, E=2zN 1 f(TauwN+2(N2—N\y) n f(Tdur)"ﬁ\ﬁ (13
we found a fairly good quantitative approximation for the
observers’ criteria for what constitutes a lingering event by = —
introducing the space and time parameterand T as fol- =viNF 72'\€’ (14)
lows: if two particles are initially less thaR= 10+ 3 particle
radii (5.27+1.58 um) apart, and are still less than a distance
R apart aftefT=100*50 frames (13.56.8 s), then it was a
candidate for a lingering evef18]. The uncertainties indi-
cate the variability in an individual observer’s criteria. mR2 y, _ —
Therefore, the probabilitieg; andp,, of Eq. (8) are each the B=—p . p=(1IN) — p, (15
product of two different probabilities. The first is the prob- Y2 Y2
ability, given that two particles are within the field of view where g is as given in Eq(8). To estimates, we assumed
and at most a distan¢@apart in the projecter-y plane(but a1 =, then fit to Eq.(14) the average number of
not overlapping that they will still be at most a distan@®  eyents observed and average number of particles per frame
apart in thex-y plane after a timeT. This probability is  corresponding to each of the six different data sets. These
denoted byp () for the interactingnoninteracting case.  data, along with the best fit, are shown in Figl1®]. From
The second is the probability that another particle will ini- graphical inspection of the error ellipse of the fit ¥=1),
tially be at most a distanc® away from a given particle in e find thaty, / y, can range from-6 to 9. Therefore, since
the x-y plane. The latter probability is given by E%lo, Eq. (15 gives B/p~—0.6 to 0.9, wherep is
p(mR*h—37a’%) in the low-density limit for both cases, p,~p,. We therefore see that our assertion that the brain is
wherep is the number density of particlels,is the depth of a good discriminator for the problem at hand, i@=0, is at
field, anda is the particle radius. We havp=N,/hA, least consistent with the data. Settigg=0, and inserting

whereE is the number of events detected, grd eitherp
or p, for interacting and noninteracting particles, respec-
tively. Thus we have
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set by averaging over the four observek€ ;. eqiS then

the average of RD’s and CF's calculatad’s. For each
frame set, we treat the variance ®E over the volunteers as
the random error, and the difference between RD’s and CF's
scores as a systematic erf@0]. Table 11l ShowsAE jpsenved
along with the corresponding baseline value, given by Eq.
(16) with p=Tp,:

Events
2

AEpaseling M (18
N+N

This is the expected value &fE based solely on differences
in number density: the more particles there are in a movie,
the more candidate pairs will be expected to form, even
when no interactions are present. Any deviation from
FIG. 5. The average number of lingering events observed as & Epaseiineindicates some sort of interaction between the par-
function of average number of particles per fratje The open  ticles. None of the values foAEgseneqWere statistically
and filled symbols represent real and reference data, respectivelgifferent from the corresponding baseline value.
The squares, circles, and triangles correspond to frames 1-350, This result suggests that any observed interparticle linger-
351-700, and 701-1050, respectively. The solid curve shows thig in a dilute colloidal system on the time scale of casual
zero intercept parabola of best fit. observation through a microscogene minute duration,
50x50 um? field of view) is purely artifactual. Since, as we
Egs. (9) and (10) into Eq. (8), we obtain the excess event will show, electrostatic and van der Waals forces are negli-

20

statistic in terms ofy andp,: gible, this lack of lingering might be surprising, because it
. appears that there should be enhanced lingering due to the
No— N increased friction when two suspended particles are in close

AEcaIcuIated:W (16) proximity. The relative importance of hydrodynamic interac-

tions and how much extra lingering the hydrodynamic fric-

where the common factor ofRYA has been canceled. 10N iS expected to produce is discussed below.
Likewise, substituting Egs(11) and (12) into Eq. (7), we
obtain the excess event statistic in terms of the observed IV. DISCUSSION

event counts: L .
A. Particle interactions

Eoria/Nyia— Eret/ N The videotaped particles were approximately @

5 [¢] rig ref/ PYef A . . .

AEopserved 22— — 17 above the microscope slide, which means that wall-particle
Eorig/Norig T Eret/ Net hydrodynamic interactions act to reduce the free particle dif-

— — i fusion coefficient by about 1% from the value given by the
whereN,; andNes are the average number of particles per gjnstein-Stokes equatiofL6]. An advantage of using ran-
frame in the original and reference data sets respectivelyyomized data sets as controls is that any interaction that af-
Diffusion theory gives ug andp,, so we can use E¢16) fects all particles equally, i.e., particle-wall interactions, will
to estimateAEqgpserves ~ be present in both the real and randomized data. Thus, any
The excess event statisticE opseredWaS computed Using  opserved lingering signal will solely be a result of particle-
Eq. (17) with the data shown in Table | for each of the particle interactions.
original-reference data set paifsame sets and the results — The three types of particle-particle interactions present in
are shown in Table Il. Equatiol6) suggests thaAE de-  the system are the attractive van der Waals fdfegn(r)
pends explicitly orl,, so we cannot combine the results for [21], the repulsive electrostatic forde,(r) (also known as
different frame sets, because each of the six animations hasige double layer forgg22], and hydrodynamic interactions.
different value ofl\,. Thus, we computdE for each data  The first two forces have the forms

TABLE Il. Excess event statistic calculated from the data in Table I. The columns marked RD and CF indicate which researcher’s
scoring was used in the calculation. The range of the excess event statistR<a\E<2, where a value close to 2 indicates a strong
tendency for particles to linger, whereas a value close Bindicates a strong tendency for particles to avoid lingering.

Observer 1 Observer 2 Observer 3 Observer 4
Frame sequence RD CF RD CF RD CF RD CF
1-350 -0.88 -0.88 —-0.26 —-0.26 0.54 -0.53 -0.73 -0.73
351-700 a a 0.37 0.37 -0.32 -2.0 —-0.93 —-0.03
701-1050 -0.77 -0.77 -1.0 -1.0 0.91 0.29 0.67 0.67

3o events were marked in both the original and reference data sets.
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TABLE Ill. The average of the excess event statistic given in Table Il over the four observers for each of
the frame sets IAE,ceneg The first uncertainty in this result is the random error, and the second is the
systematic errorA Ey ,.qineiS the expected result from E(L6) for =, . AEgmu andAE,,,are the results
of the simulation and analytical calculation, respectively.

Frame sequence AE bserved AEpaseline AEsimul AEanal
1-350 (-0.47+0.25)+0.14 —0.15 (-0.042£0.011)+0.07 (—0.053+0.004)*+0.06
351-700 0.42+0.58)+0.13 —0.37 (—0.267+0.011)*0.06 (—0.277+0.004)*+0.05

701-1050 0.12£0.44)-0.08 —0.29 (—0.184-0.011)x0.06 (—0.194+0.004)*0.06

—32W This dimensionless number quantifies the relative strength of
Fuaw(r) = 3a(ria)[(r/a)?—4]%’ (19 the hydrodynamic interaction with respect to the conserva-
tive interactions.
) In order to comput®r, we need estimates for the Debye
Fo(r)= Q” exgd —(r 23)27‘0] (i _12) (20 'ength and particle charge. We do not independently charac-
4me  (1+al\p) Apr e/’ terize our specimen, but rather rely on comparison with other
experiments, specifically, those of Crocker and Gf&«§|.
where r is the center to center separation between thdrom Crocker and Grier's measurements of the interaction
spheresa is the particle radiusQ is the charge on the par- potential between colloidal particles in water in a glass cell
ticles, A p is the Debye length, an®/ is the Hamaker con- [6—8], we obtain Debye lengths in the range of 100 to 200
stant, of the order of T0?'—10 2° J for polystyrene spheres nm{[24]. Since Crocker and Grier used ion exchange resin in
in water[23]. Later in this paper, the hydrodynamic interac- their sample cell to reduce the water’s ionicity, while we did
tion will be quantified using a diffusivity tensor that varies not, we use their measured Debye lengths as an upper bound
with particle separation. We will see that, at the length scalesn the Debye length of our systeffi5]. These values are
of interest, the mean-square separation inxhe plane be-  consistent with the Debye lengths measured by Kepler and
tween two spheres increases with timedue to diffusive  Fraden[23], but much shorter than those of Vondermassen
motion approximately asBq(1— €)t, wheree is a positive et al, who obtained screening lengths as long as 416 nm
number very close ta/r. In the absence of hydrodynamic [26]. In order to estimate the surface charge, we appeal to
effects, e=0, so hydrodynamic interactions tend to inhibit charge renormalization theory, which asserts that the surface
the movement of the particles away from each other. Theharge on highly charged spheres saturates at the level where
characteristic length scalRcn, and time scalel ¢y in this  the chemical potential at the surface and in the bulk are equal
system are taken to be the parame®m@ndT given in Sec.  [27]. This yields a “renormalized” charg@=Ce(a/\g),
lll. The effect of hydrodynamics on the motion of the where the Bjerrum length\g=e?/(4wekT)~0.72 nm in
spheres can be characterized by the “hydrodynamic drift,"\yater at room temperature,is the electronic charge, ar@l
defined to be how much less the separation increases in timg  constant in the range of 4 to 16,8,27. This gives an
Tenardue to the presence of hydrodynamic interactions. If thesstimated particle charge of 3680750@&. While we are

initial separation iRcn,,, then this drift is given by confident enough in charge renormalization theory and the
results of Crocker and Grier for the purposes of this work, in
VR .+ 8D¢Tchar— VRZa+8Do(1— €) Tehar particular because of their careful discussion of data reduc-
tion and analysis, it is clear that further progress calls for
~(a/Reha) VDo T char (22 better sample characterization.

In order to show that hydrodynamic interactions domi-
nate, we want to find an upper limit on the drift rafigq.
(22)], and thus consider values for the length and time scales

wise, the drift distances in tim@ g, due to the van der that tend to decrease the drift ratio. Increasing,, and de-

Waals and electrostatic forces are given approximately byreasmg?charcauseDr to decrea;e,_so, smce_ourvalgesRof
Foan(Renad Tehad (67 78) aNd Fo(Rena) Tepad (67 73), re- andT from Sec. Il have uncertainties §s§00|ated with them,
spectively. Since the van der Waals force is attractive, whild"© choose values fdRgngr and Tepy Statistically close 1R

the electrostatic force is repulsive, these distances will be o?nd-!—' but deviating in the directions that decrease Ac-
opposite sign, so we add their magnitudes to obtain our e€rdingly, we IetRey, range from & to 10a, and set
timate for the importance of these forces. Since our lingerin I char= 25.8' Figure 6 shows some curves of constantfor
analysis is based on the time dependence of the particiddiermediate values of_zclzharge and Hamaker constant
particle separation, we define a dimensionless number, calle = 500G an_d W=3X10""J. We see t_hat for most rea-
the drift ratio Dr, to be the ratio of the extra drift due to SCnable choices for the length scaleithin 1-2 standard

hydrodynamic effects to the extra drift due to other forces: deviations of the optimal value &) and Debye length, the
drift ratio is very large. Thus we conclude that electrostatic

and van der Waals interactions may be neglected in the
_ (a/Reha) VDoT char 22 analysis, and only hydrodynamic interactions need be con-
(|deW( Rchar)| + | Fel Rchar)l)Tchar/(67T7]a) . sidered.

becauseRﬁharS 8D Tcharr Where we have neglected factors
of the order of 2, and used our approximation torlLike-

Dr
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Since |D,|<2D, for all r, where D, is the free single-
particle diffusion coefficient, a more strict condition An is
At> (m/KT) Dy=(2/9)(a%p/ 5), wherep is the density of
the particle. In order for the Taylor expansion to be accurate
to first order, we require that the particle configuration not
change much over the time stap. Thus we must also have
At<a?/|Dy|. Using the upper bound oD, (r(t))|, we find
that if a®p/ n<At< a?/(2D,), then the necessary conditions
on At are satisfied.

Batchelor[28] gave the relative diffusion tens@, as

160 180 200

» (nm)

140

8 D, =2D o[ G(HFF +H{P (6-7)], (25
° where é is the identity tensor=r/a, T=[1, r=r/|r|, and
e G(1) andH(T) are given by
5.0 6.0 7.0 8.0 9.0 10.0
Rchar/G G(?):l_ g-f'_l+7_3— 175’?—44_ OG’,—G), (26)
FIG. 6. Contour plot of drift ratioDr for particle charge H(f)=1- %7—1_ %7—3+O(~r—6)_ (27)

Q=5000, Hamaker constan®V=3x10"2'J, and characteristic

time scaleTgn,—25 s. For reasonable values of the distance scalerhese are the far-field form of the equations in the quasistatic
Renarand Debye lengthp as described in the text, the drift ratio is 555rximation, in which inertial terms are neglected and an
much larger than 1, showing that hydrodynamic forces are mMore,nbounded medium is assumiés). At near contacﬁ(= 2),
important than conservative forces in this system over the time anrﬂwese equations no longer hold due to the breakdown of the
!ength scales of interest. Varyi_ny andQ v_v!thin the limits given unbounded medium assumption. However, Fer2.5, ex-

in the text does not change this plot significantly. pressiong26) and(27) agree with more exact resuftag] to
‘within 2%, and foir=3 they agree to within 1%, so we will

In the next two sections, we find estimates for the linger
€T assume they hold for af=2.

ing probabilitiesp andp, by integrating the pair probability . . . .
distribution over the space determined by the lingering crite- Let us.re_cast Eq(2£2 In nondlnjer)smnal_ f°”‘.‘- Define a
ria discussed earlier. We assume that in each pair, the peﬁ:-h""r""ct‘:‘.”St'C t|me;a /(2Do). This IS the time it takes for.
ticles interact hydrodynamically only with each other. Both athe_ particle separation s_quared to Increase by one particle
computer simulation technique and an analytical perturbatior[f‘.ldlus squared. NOW de.f'T‘e a scaled tikag/ T Taking the
solution are discussed. These results are then used in Egvergence of the diffusivity tensor, we obtain

(16) to find a theoretical estimate farE, which we compare 5

with the baseline and observed values to answer the question V-D,= 152 (—) r. (28

as to whether the enhanced lingering is consistent with re- a\r

sults obtafined Fsing the aforementioned human Stim“'“SSubstituting Eqs(28) and(25) into Eq. (24), along with the
response formalism. scalings fort andr, we obtain

B. Computer simulations Tt AD =T+ 177 ~SAT + AT(AY), (29)
We start our analysis with the Langevin equation describ-

ing the relative motion of two identical spheres in a viscouswhere(AT)=0. For the characteristic length and time scales

fluid [21], present in our system, the random Brownian term in this
equation dominates over the drift term, but, for complete-
d?r dr ness, both terms were included in the simulations. If we use

mae =N g +F (23 a comoving coordinate system where theaxis always

points in the direction of the separation veciy, then
wherem is the mass of the spheresis the relative separa-

tion vector between the centers of the sphefds) is the (KA =2(1- 52747 3= Tz HAL (30

relative friction tensor, ané is the relative Brownian force.

F is a random force with the propertied)=0 and (AAX) = (AVAY)=2(1— $77 1= £73)AT  (3D)

(F(t)F(t+ 7)) =4kTf,(r) 5(7), whered() is the Dirac delta

function. If we Taylor expand,(r) to first order about a (XY = (A7) =(AYAZ) =0, (32

separation vectar(t), substitute this into Eq23), and solve ~

the resulting differential equation, we obtdil] and the bounds on the scaled time step ddg@# n<A1.
If there are no hydrodynamic interactions, thep=2D 4,

r(t+At)=r(t)+V-D,(r)At+Ar(At), (24 and
valid for At> (m/2kT) |D,(r(t))| whereD,=2kTf, (r(t)) Tt A1) =T1) + AT(AY), (33

is the relative diffusion tensor antir(At) is a random dis-
placement with(Ar(At))=0 and (ArAr)=2D,(r(t))At.  where(AT)=0, and
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(ATATY=26At (34) L=V-D,-V. (37)

Equations(29)—(32), and Eqs(33) and(34) can be used to Note that if there are no interactions, thBp=2D,6 and
simulate the trajectory of a particle undergoing Brownian£=2DoV?, which, when substituted into E¢5), yields the
motion with and without hydrodynamic interactions, respec-usual diffusion equatiorDy is the single-particle free diffu-
tively. sion coefficient.

The simulation proceeds as follows. First, an initial sepa- We can write £L=Lo+L;, where £,=2DoV? and
ration vector is chosen such that the particles do not overlap;1=V-T-V, where
are no more than a distanBeapart in thex-y plane, and no

more than half the depth of field apart in thelirection. We T=D;—2Doo (38
do not use the full depth of field in this initial separation o~ ~ -
calculation because, on average, the particles will be near the = 2Dol (G(N —D)ff + (H(®H —1)(&-1)] (39)

center of the depth of field. Next, depending on whether, . .
interactions are present or not, the appropriate equations a@the. hydrodynamic interaction te.”sm]’ andG(n), H()
used to simulate the particle’s trajectory, using a Gaussiafi'® 9'ven by Eqs(26) and(27). This gives

distribution to choose the random deviatiakis The change 2D 9 P

in the separation vector for each step of the simulation isglz_ro_ [(G(T)—l)rz _}

calculated using the comoving coordinate system, then trans- "~ 9" ar

formed into a fixed coordinate system using a solid body HH—1 o
rotation. If we were to use the fixed coordinate system to +2Dg—5—— =5 |Sih 0 —
calculate the steps, then there would be cross correlations d6
between coordinates, i.e., E®2) would not hold. We used (40
a time stepAt=0.01, which satisfies the necessary bounds

on At as Dyp/ p~107°. After a timeT, we check to see if A formal solution to Eq/(35) is

the particles are at most a distariReapart in thex-y plane, (Lot Lot

and at mosh/2 apart in thez direction, where we used the P(r,t)=e"0"75(r—ro), (41
experimental values foR, T, andh cited earlier. The frac- while the solution to the unperturbédoninteracting prob-
tions of particles that satisfy these criteria @randp, for lem (£1=0) i P P
interacting and noninteracting particles, respectively. em (£,=0) is

_ Fifty thousanq traject_ories were simulat_ed for t_he interact- Pg(r,t)=e ot s(r—rg) (42)
ing and noninteracting cases, which yieldeg

=(0.267+0.002)+0.14 and p,=(0.240+0.002)+0.14. 1

The first uncertainty is the random error of the results, i.e., =—— = exd —|r—rq|%(8Dgt)].
the error in the integration when using a given set of linger- (87Dqt)

ing criteria. The second uncertainty is the systematic error,

i.e., the range over whichcan vary when the quantitid®,

T, andh vary within their individual uncertainties. Using Eq.
(16), we obtain the excess event statistic expected from the
simulations,AEg;y,, [30], which is shown in Table IIl. Be-
low, we calculatégy andp, using analytical methods.

7

(43

We can expand the exponential in E41) as follows[34]:

C. Analytical approximations

In this section, we use a perturbation technique to solve
approximately the probability conservation equation when :
hydrodynamic interactions are present, and use the solution
to obtain another estimate fgr andp,. We start with the
Smoluchowski equation for the pair probability distribution
P(r,t), with a tensor diffusivityD, [31]:

Jd
= P(r,t)=LP(r,1), (35

Radial Probability Density
0.00 0.06 0.12 0.18 0.24 0.30 0.36

10

N
»
nl el
[01]

with initial condition[32]

FIG. 7. The radial pair probability distribution a1 and an
initial separation of five particle radii. The dashed line shows the
result with hydrodynamic interactions presdm(r,t) integrated
wherer is the vector from one particle’s center to the other,over angular variables, i.efP(r,t)r2dQ], and the solid line shows
ro is the initial separation vectory(r) is the Dirac delta the result without hydrodynamic interactions pregdhg(r,t) inte-
function,t is the time, and is a scalar linear operator given grated over angular variable$ andt are the scaled variables de-
by scribed in the text.

P(r,00=68(r—ryg), (36)
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t where the next term i©(t3[Lo.[ Lo, £1]1Pg). In this work,

e(£°+ﬁl)t:eﬂot+J el f)79 efo%ds. (44 we use only the first correction terrg,Pa(r,t). Figure 7

0 shows how the probability distribution is altered by the pres-

Substituting Eq(44) into Eq. (41), and using Eq(42), we  ence of hydrodynamic interactions. One can see that, in the
obtain presence of hydrodynamic interactions, the most probable
pair separation distance increases more slowly with time, and
the separation distance has less chance of exhibiting a large
deviation from the most probable value. This suggests that
enhanced lingering is taking place. We see that, for the time

t
P(r,t)=Pg(r,t)+ J elbotL)t=9) 2 Py(r,s)ds. (45)
0

Now we make the approximations and distance scales involved in this work, the second term in
this expansion is a small correction to the unperturbed solu-
elbot L0~ 1 4 (Lo+ L) (t—9), (46)  tion, which suggests that approximatio®6) and (47) are
valid.
Pg(r,s)~Pg(r,t) + LoPg(r,t)(s—1), (47) To obtain the explicit dependence®(r,t) on the spheri-

where we usedd(at)Pg= LoPg in Eq. (47). The validity of cal coordinates, we expand—r,| as

these approximations will be determined posteriori by

looking at the relative size of the resulting perturbation. Af- Ir—rol2=r2+r3—2rrsind sindocos ¢— ;)
ter substituting Eqs(46) and (47) into Eq. (45), and evalu-
ating the integral, we obtain the following expansion: —2I1 3C0Y¥ coYy, (49

P(r,t)=Pg(r,t) +tL,Pg(r,t)+ 3 t3([ Lo, L1]+ L) Pg(r,1),
(48) and writePg(r,t) as

1 r2+r2—2rr4sing sinfycos ¢ — o) — 2rr ,COK CoOH
PB(r,r0,0,00,¢,¢0,t)=W ex;{— 8Dt . (50

The quantityg—, for a given initial separation, is the integral ofP(r,t) — Pg(r,t)~tL,Pg(r,t) overr within a cylinder
of dimensions as given in Secs. Il and llI: heidght 20.4a and radiusR=10a. Since the system is invariant with respect to
rotations in¢, this probability cannot depend aby,, so we takep,=0. To obtain the total change in probability, we average
—m over all initial separation vectorns, falling within the cylinder given above in which the particles do not overlap.

The last term inC, [Eq. (40)] makes no contribution to this integral. This can be seen by noting that this operator forms an
exact differential with respect tp when acting onPg. We may do the integral ovep immediately, which gives a term
proportional to ¢/d¢)Pg]3™ 5™, which vanishes. Therefore, we only need the first two term&,qfwhich we denote by; :

£’—2D G 1 i +2D —H( 0 i 51
1=z 5 |G- e " Zsing a0 | "M 78/ 6D
Since£; does not depend o, we may do the integral dPg over ¢ first, then applyt£; . Thus we have that
2 2
f t;ClPB(r,ro,a, Bo,qﬁ,t)dqﬁ:tﬁif PB(r,ro,0,00,¢,t)d¢
0 0
e 27 r2+r2—2rr,cost cosdy| [ 2rr sin 6 sin 6,
~ 1 (8Dt 72 X 8Dt 0 8Dt
EF(r,ro,e,eo,t), (52)

wherely(x) is a modified Bessel function of the first kind, p

and we have introduced the functién f=arctan—, (55)
The natural coordinate system for this calculatiopd$

cylindrical coordinates, so we must transform the spherical

variablesr, 6 into cylindrical variablesp, z usin
Y ¥ g 0p= arctan?. (56)
0
r=\p’+722 (53)

— The final result for the difference in lingering probability
ro=\po+2p (54 between the interacting and noninteracting cases is then
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- ~ 2 R R hi2  [hi2
n—Th= J f f F(m \/;g+_zg,arctanﬁ,arctan@,T ppodz dzdp dpg,
wR?h— 4m(2a)® J6(@J6(zg) ) —h2) -hi2 z Zy
(57)

whereF(r,rg,0,6p,t) is defined in Eq(52), R andT are the  scope that unites the fields of light microscopy with that of
lingering distance and time specified earlieis the depth of computing, which allows one to probe quantities that depend
field, a is the radius of the particle, ar@(z)=\/(2a)°~z>  on dynamical information. In a double blind experiment, we
for |zl<2a and is zero otherwise. The factor determined that casual observation of a dilute colloidal sys-
wR?h— 4/37(2a)?® arises from the averaging with respect to tem under a microscope is not sufficient to detect hydrody-
ro over the cylindrical volume discussed earlier exterior tonamic pairwise interparticle lingering effects. Any lingering
two nonoverlapping spheres of radiua. Replacing that appears to be present is solely due to random thermal
F(r.ro.0,60.,t) in Eq. (57) by [57Pg(r,ro,0,60,¢,t)dé  motion and projection effects. The expected degree of linger-
yields an expression fqg,. ing calculated using computer simulations and analytical

The integral of Eq(57) was evaluated numerically using techniques is consistent with the results obtained using hu-
the software packageATHEMATICA [35]. We only required  man observer§36).
an accuracy of two significant figures farp=p—p, and This observational technique is not sensitive enough to
three forp, in order to keep computation times from being detect hydrodynamic interaction on the length and time
prohibitive. This gave g=(0.242t 9-001)i~0-14 and  gcales in this work5 um and 10 s, respectivelyand thus
Ap=(0.025+0.001)*+0.004, which yielded p=(0.267  the traditional purely numerical approach to quantifying the
+0.001)+0.14, where the uncertainties are to be interpretegnteraction is more appropriate. However, the observational
as described at the end of Sec. IVB. Using Etf), we  technique could be used as an exploratory tool in helping to
obtain the excess event statistic expected from the analyticgletermine if an observed interaction warrants further numeri-
work AE,ng, which is shown in Table Ill. The values ob- ca study, or if it is simply an artifact. In addition, the brain’s
tained for the excess lingering probabiliyp from analyti-  superior spatial-temporal pattern recognition capabilities
cal methods are in excellent agreement with the Simulati0Q0u|d be exp'oited by setting observers free on data, asking
results. HOWeVer, this gOOd agreement is somewhat fortuthem 0n|y to look for examp|es of “unusual”’ |ingering
itous, as other choices &, T, andh can lead to a discrep- events. If these “rare” events were then proven to be non-
ancy of~30% in the value ofAp artifactual by use of the described backgrounding technique,

One can see from Table Il that for each of the anima-then this would provide an impetus for further study. An
tions, AEpa and AEgimy are in good agreement with each example of such a “rare” event was observed by one of us
other, and are both statistically consistent WXEpsernes  (C.F), in which one particle appeared to undergo Brownian
Likewise, AE gpsenvediS NOt statistically significantly different  motion confined to a small region surrounding another par-
from the corresponding Epaseiine Our results are thus com- ticle that was adhered to one of the glass surfaces. This “or-
patible with the conclusion that all observed lingering is ar-biting” particle was subsequently disassociated from the
tifactual in origin. fixed particle by a “collision” with a third particle. The
exact physical mechanism by which this occurred is un-
known, and, if nonartifactual, serves as an example of the
new types of interaction phenomena that might be discov-
ered using the observation technique.

The difference betweenAEseine@nd the values oAE This digital microscope could also be used in other areas
calculated from the simulation and analytical work~i®).1.  of interest to colloidal scientists. Researchers could develop
The error iNAEypservediS =~0.4. Thus, to reduce the error in new statistics to quantify correlated colloidal motion by ask-
the observed results enough to resolve the expected lingeringg the human observers to find instances of multiparticle
signal, one would need about 16 times more observers, i.gingering. Their comments could be very helpful in determin-
on the order of a hundred observers. This type of large-scali@g what types of parameters would be most efficient in de-
study was beyond our resources, but we have shown that tteeribing multiparticle lingering. Furthermore, it may be pos-
expected lingering effect is too weak to be perceived by oneible to probe interactions that occur on different time and
individual looking through a microscope for a few seconds,distance scales by adjusting the animation parameters, such
as consistent with our observations. as animation frame rate and field of view, to reflect these

scales.

D. Can the lingering signal be detected?

V. CONCLUSIONS

The dominant interactions in this dilute colloidal system
on the length and time scales discussed are hydrodynamic in
origin, and thus any attempt to quantify them must incorpo- We would like to thank Becky Schirato for help with
rate the temporal dimension. Detection methods that arsample preparation and taking the video data, and Brendan
based on purely static quantities such as the static structuflapp, Eberhard Bodenschatz, and Rolf Ragnarsson for help
factor are of no use. We have described a “digital” micro- with the video digitization. The authors had many helpful
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