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Chapter 1

Introduction

1.1 Context and motivations

The stochastic motion of tracer particles in complex media has been the focus of many
recent studies [6] |7, [13]. One important example of complex stochastic motion is in the
presence of obstacles, as in porous media or micro-channels, where diffusion is slowed-down
by entropic traps [10]. While the majority of studies consider reflecting walls, the tracer
particle can also interact with the walls, and, in the case of small range attraction, switch
between attached and detached states. This type of motion also plays a key role in first
passage problems, where it has been shown to enhance particle dispersion in undulating
microchannels [2]. Additionally, it was found that boundary excursions can accelerate
search processes in circular domains [5]. A minimal theoretical framework capturing this
behavior is Bulk-Mediated Surface Diffusion (BMSD): particles temporarily attach to the
surface (adsorption), then detach (desorption), diffuse in the bulk medium (e.g., a liquid),
and re-adsorb. The trajectory between the desorption and the subsequent adsorption is
called a flight [14].

This type of motion has recently been observed experimentally using Total Internal
Reflection Fluorescence Microscopy (TIRFM) techniques, in which the motion can be
observed only near the walls [11, 12, 16|, and more recently, through 3D single-molecule
imaging methods [15].

However, no existing theory fully explains the experimental observations, and there
is currently no reliable method for extracting the adsorption and desorption rates. In
particular, experimental results show that the waiting times (between adsorption and des-
orption) are not exponentially distributed, and the measured Mean Square Displacement
(MSD) is either diffusive or subdiffusive — while theoretical arguments predict a scaling of
MSD ~ #3/2 with time ¢ in some regime [4]. In another theoretical study, the MSD ~ ¢°/2
is found at short times and linear at long times with a diffusion coefficient different from
the bulk one [3].

The goal of this internship is to re-examine the properties of diffusion near a sticky
(and flat) surface, and to predict the quantities that are effectively measured in TIRF ex-
periments, to enable the determination of the attachment/detachment rates. In particular,
the following questions are asked :

1. Can experimental waiting times be used to estimate the model parameters?

2. In which regime superdiffusion appears and with what exponent ? Can we provide

an explanation for the Mean-Square Displacement obtained experimentally ?

3. Can the surface distribution of particles be characterised ? And in which regime is

it non-Gaussian 7



The outline of this report is as follows. First, in the rest of this chapter, the experi-
mental results that one aims to explain are presented, and I introduce the model (with the
results that had already been obtained before the internship). Then, in the ana-
lytical expressions for the apparent waiting times (average and tail of the distribution) are
checked. Finally, in the mean square displacement and the surface distribution
are characterised in different limits.

1.2 Single-Molecule Tracking of Polymer Surface Diffusion

The article “Single-Molecule Tracking of Polymer Surface Diffusion” [12] reports an
experiment in which only intermittent immobilisation and desorption-mediated displace-
ments were observed; the surface diffusion coefficient was below the detection limit, (Ds <
0.002 um?/s). Polymers of various Molecular Weights (MW) were tracked at the aqueous-
solution/solid interface. Because diffusion in the bulk phase is rapid, (D > 10 um?/s, as
reported in the Supplementary Information of the article), single-molecule tracking was
restricted to periods when the polymers were adsorbed. Trajectories were reconstructed
by linking nearest-neighbour positions in consecutive images. A maximum displacement
of Ryax = 2.2 pm was allowed between successive adsorption events (to be reasonably sure
that the same particle attached).
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Figure 1.1: Experimental results from the article [12] (a) Experimental distribution of sur-
face displacements (represented by circles) for a time interval At = 0.1s; (b) Distribution
of desorption times; (¢) Average waiting time as a function of chain length N; (d) Mean
square displacement as a function of time At¢. The curves in (a) and (b) were vertically
shifted for clarity. In (a), (b) and (d) the different curves correspond to different molecular
weights of the tracer.



@ shows the distribution of surface displacements. The distributions are
clearly non-Gaussian and become increasingly peaked with growing MW.

The waiting-time distribution between desorption-mediated flights is shown in
@. Tracers were considered as having desorbed once displaced of a length r > R
with R = 0.2 wm. The distribution exhibits a power-law tail: 1(7) oc 77%/2,

The average waiting time as a function of MW is shown in W

Finally, the mean-square displacement (MSD) curves (see, [Figure 1.1 ED are approxi-
mately linear, with effective diffusion coefficients ranging from 0.05-1 ym? /s, much bellow
the bulk diffusion coefficient.

1.3 Theoretical model

In this section, we present the theoretical model to describe bulk-mediated surface
diffusion (BMSD). The model has three parameters x, kg and D (but to estimate this last
parameter from experiments, standard methods already exist).

Note that, although & is called attachment rate, it has dimensions of a velocity. More-
over, it is the same parameter as the "reactivity parameter” in studies of transport influ-
enced reactions [9].

Figure 1.2: Schematic representation of the bulk-mediated surface diffusion mechanism.
A particle desorbs from the surface, diffuses in the bulk, and subsequently re-adsorbs at a
different surface location.

1.3.1 First formulation

The first formulation consists in considering trajectories as a succession of phases in
the bulk or in the adsorbed state.

In the following, z is the distance to the wall and z, y are the in plane cartesian
coordinates. A planar wall is located at z = 0, to which a particle is initially adsorbed at
the origin (x = y = 0). Surface diffusion is neglected (Ds = 0). After a random residence
time ¢, drawn from an exponential distribution,

ba(t) = kqe ", (1.1)

the particle desorbs from the surface and diffuses freely in the bulk for a time ¢, after which
it re-adsorbs to the surface. This process can be iterated and is illustrated in Fig.



The displacement PDF in the z-direction between the desorption and readsorption
events, knowing that a time ¢’ is spent in the bulk, is given by a Gaussian distribution:

2
1 exp (_(x_wd)> ’ (1.2)
Var Dt/ 4Dt

where x4 is the coordinate along the z-axis before desorption, and D is the bulk diffusion
coefficient. The same applies independently in the y-direction.

To determine the distribution g(¢') of bulk diffusion times, consider a 1D diffusion
process along the z-axis. The particle starts at z = 0 and diffuses with diffusion constant
D. The boundary at z = 0 is partially absorbing and is described by Equation .

The system is governed by the following equations:

Qx|t,zq) =

atp(z7t) = Dazp(zat)7 (13)

p(z,t =0) =94(2), (1.4)
Op

D 9 L = rp(0,t) (1.5)

where p(z,t) is the probability density to be in the bulk at time ¢ and position z, without
having been adsorbed before t¢.

By taking the Laplace transform of this set of equations, then using the equality
g(t) = —% fooo dz p(z,t) and finally taking the inverse Laplace transformation, the follow-
ing expression can be obtained for g(t) (see for the detailed calculation):

I{z K
9(t) =5 [\/% — erfex ( ;)] : (1.6)

where erfex(z) = e erfc(z) is the scaled complementary error function.

Since in the experiments one does not have access to the true desorption time, but
to an apparent one, we want to compute the distribution ¢(7") for the apparent waiting
time 7. It is defined as the time it takes for a particle to be re-adsorbed at a distance
r > R from its initial location. More precisely, we define T' as the time at which the
particle was last observed on the surface before such a flight. Because an exact analytical
expression is difficult to obtain, ¥ (7T) is approximated by the effective distribution 1) (t)
defined as the time PDF before the particle does a flight of size » > R for the first time.
This approximation will be tested in

After some calculations, see the following expression is obtained for the
Laplace transform of (t) :

T (s) = P ija(s)
) T P o
where f(s) = Jo© dt f(t)e™*" is the Laplace transform of f(t),
2
w0 =25 [, dedy Q@i = 2% (1-ew (—5))

is the probability density of attachment time given that the flight size is 7 < R, and
P [ dedy [t gQl0QIN = [ de g (1)
224y2>R? 0 0

is the probability of a flight of length larger than R.
This formulation will allow us to derive expressions for the behavior of the tail of the
waiting-time distribution and for the effective average waiting time.



1.3.2 Second formulation

An equivalent formulation of the model is now presented, which will allow us to derive
the surface distribution and the Mean-square displacement (MSD), see

Let py(r, z,t) be the probability density in the bulk, at position r = (x,y) and distance
z, and ps(r,t) on the surface. The particle starts at r = (0,0) on the surface. The system
evolves according to:

Oy =D (Vy +02) py for z > 0, (1.10)

Osps = —kqps + Ky at z =0, (1.11)

DX = py(r,0,0) ~ hapelr, ) (112)
z=0

ps(r,0) = ( ); (1.13)

po(r, 2,0) = (1.14)

Taking the Laplace transform in time and the Fourier transform in space yields:

1

kaD\/k2 +s/D
k+ Dy/E*+5/D

where f = [drf(r e kT is the Fourier transform of f(r). The detailed calculation is

given in ectlon A4

In the next chapters, we will analyse these formulas to derive some properties of the
apparent waiting times and of the surface distribution.

Ds(k, 5) = (1.15)

s+




Chapter 2

Properties of apparent waiting
times

In this chapter the properties of apparent waiting times are investigated. More specifi-
cally, we will focus on the average waiting time and the tail of the waiting time distribution.

2.1 Average waiting time

Since an apparent average waiting time can be measured experimentally, it is use-
ful to derive an analytical expression to extract the model parameters corresponding to
experimental conditions.

The effective average waiting time 7., associated to the distribution . (¢), can be

obtained using 7. = — a%gs) and is given by:
Te = Ne Td+73, (2'1)
where
1

is the average number of desorption events before a flight of size r larger than R, 74 = é

is the average waiting time to desorb from the surface and
oo 2
0 __R%
Ty = ne/ dttg(t) <1 —e 4Dt> (2.3)
0
is the effective average waiting time for 74 = 0.

2.1.1 Analytical analysis

The IT theorem is used to adimensionalize 7, using D and R, leading to

2 ~
7 (5, D, R ) = % 7 (7 o), (2.4)

- ~ 2
where k& = % and kg = %. Moreover,



7o ha) = ne(— + 1), (2.5)
kq

where I = [ dt §(t)(1—e~ 0 )t, n, = 1/ [ dt §(t)e~ ¥ and §(t) = 72 ( - erfcx(\/RQt)).

Let us evaluate I and n. in the limits kK — 0 and k — oco. In the limit & — 0 we have :

"_z2 oo dt” 1 22 t//
"= t/ — 72 < - erfcx(\/ﬁ)) <1 — e4t”> =
o K vt K

7—0 R 1 1 1
= / dt <\/ﬁ - erfcx(\/tT)) 1 ,
R

0 !

"—_g2 o dt” 1 2 &

ne ' = 1tl// NfQQ < —erfex(Vt") | e w7 P20,
0o K Vot!

In the opposite limit & — oo,

[z /Oodtl (l—e_
0 2\/Tkt3/2

F2) /Oo a1 — %
mn = —_— =
¢ o 2/TRt3/2

&=
N—
~
I
[\

!

K.
The resulting expression is:
1 fork—0
Hop =4 T (2.6)
e 1 ~
3, for & — oo.
and
1, for & — 0,
ne = { orn (2.7)
k, for kK — oo.

As a consequence, in the limit £ — 0 and when %2 < T, the average waiting time

becomes independent of x and 7, ~ é.

2.1.2 Numerical Simulations

To verify whether the analytical expression of the average 7. given in Equation (2.1))
is a good approximation or not, numerical simulations are performed. These consist in
generating waiting times in the bulk drawn from g¢(¢’), but also flight sizes from Q(x|t’, z4)
and Q(y|t’, z4). The trajectories were generated until the distance from the initial position
is larger than R (thus giving 7, the apparent average waiting time, associated to distribu-
tion ¢ (t)) or until a single flight of size larger than R is obtained (thus giving 7.). The
average time at the surface is 7; = 0. More details on the numerical simulations can be
found in Simulations confirmed that the form of Equation is satisfied
for 7 when replacing n. by n and 70 by 79, where n is the average number of desorption
events before the particle adsorbs at a distance r larger than R from its initial position
and 70 is the average waiting time 7 when 74 = 0.
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Figure 2.1: Dimensionless average waiting times from distributions 1 and 1), for different
values of %, with 74 = 0. The blue line represents Equation ([2.3))

The 7. obtained from simulations follows the theoretical curve, as expected, see
Additionally, we observe that 7 is significantly smaller (by about a factor of
two) compared to 7, for & > 1, but they become approximately equal for # < 1. This is
expected, since the average number of desorption events tends toward one for £ < 1, and
the two distributions are equivalent when the particle escapes after a single desorption.
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Figure 2.2: Average number of desorptions n (from the initial position) and effective
number n. (from the last desorption point) before adsorption at a distance r > R, as a
function of # = ££. The blue line follows Equation (2.2).

Using the same simulation framework as for waiting times, we sampled the number
of desorptions. shows that the theoretical prediction matches the simulation
results for n.. Additionally, the average number n corresponds to the analytical result for
k < 1, but differs (by slightly less than a factor of two) when & > 1.

In conclusion, Equation could be used to estimate the model parameters when
k<1

2.2 Tail of the PDF of apparent waiting times

In the experiments, the tail of the apparent waiting time distribution is found to decay
as t79/2. The goal of this section is to verify whether this tail behavior can be fitted to
estimate the parameters of the model.

An analytical expression for the waiting time distribution in the limit ¢ — oo can be

obtained from Equation (1.7)); see for the detailed calculation.

Ye(t) "0 e, t75/2 (2.8)
where
RS
P (2.9)
kvTDP 5 ]erH for k = 0

Additionally, the survival probability S.(t) = Prob(Effective desorption time > ¢) in the
long-time limit is given by:

S.(t) = gce t3/2, (2.10)

10



2.2.1 Numerical validation

Numerical simulations were conducted to obtain the apparent and effective waiting
time distribution, as for the average waiting time. More details are given in
The objective was to compare the tails of the distributions v (¢) and 1, (t). The simulations
were performed at 7, = 0, since the tail coefficient ¢, is expected to be independent of 7.
This assumption was tested for ¢ and seems to be accurate for all .
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Figure 2.3: Coefficient of the adimensional tail of the apparent distribution ¢ = D;/;C or
effective ¢, = 2 :;/;CE as a function of k = % for 74 = 0. The analytical expression for the

blue line is given in Equation ({2.9)).

Firstly, it can be observed in that the analytical curve and the simulation
data for 1. are in good agreement, as expected. Moreover, for £ < 10, the coefficients ¢
obtained from both 1 and 1. match closely, indicating that the analytical approximation
is valid in this regime.

However, for £ > 10, the two distributions appear to be different, c is slightly below
the analytical curve of about 40%.

As a consequence, it should be possible to estimate the value of £ from experimental
measurements of ¢, if & < 1, where the analytical model remains sensitive to changes in
K. For larger values of &, the coefficient ¢, becomes approximately constant, making the
parameter estimation ineffective.

11



Chapter 3

Surface displacements

In this chapter we investigate the properties of the surface distribution. In what
follows, we will first obtain the MSD among particles on the surface at a given time and
then present analytical results for their PDF in the fast exchange limit.

3.1 Mean square displacement

The MSD (x2)4(¢) among particles on the surface is defined as :
Jodx [P dyatps(rt)  £7M(@)(s))(0)

2 (
z7)s(t) = = 3.1
W =T e 1y 1@5(@ (0,0), 5)](2) -1
with £7! the inverse Laplace transform operator,
- 0?2ps(k = (ky, k), s D%kk
(@2)(s) = - PPEZ G k)2 L @)
x ko=ky=0 V' Ds (ks + D(kq+ s)\/5)
and 1
Ps(k = (070)7 s) = st k’d\/i (3'3)
Kk+vDs

Note that, only (z2)¢(t) is computed as we know that (r2),(t) = 2(22)4(t) due to the
symmetries of the surface distribution. In the next sections of this chapter, the MSD
will first be characterised analytically and then be verified numerically. Finally, to try to
better understand experimental results an effective diffusion constant will be defined.

3.1.1 Asymptotic Expansions and Regime Transitions

The behavior of the normalized MSD at small and large times is summarized in
Results are also provided in the Fast Exchange (FE) limit in which &, kg3 — o0
while maintaining the ratio 6 = k/kg = O(1). In this limit, the Laplace expressions (3.2)
and reduce to:

1
.

S\ FE, D3/2§

SFE (7, _ ) =
@) = e e BB = (0,019

The asymptotic behaviors are obtained by evaluating the Laplace transforms in the
limits s — oo (for ¢ — 0) and s — 0 (for t — o0), followed by inverse Laplace transforma-
tion.

12



f(t) t—0 t— oo
Py(t) 1 e t=1/2
TLkq
FE 5 4—1/2
PFE(1) 1 At
(22)(t) | B>/ 2Dt
(22)IB(t) | 4B 2Dt

Table 3.1: Asymptotic expansions of the MSD on the surface (22)4(t) and of the probability
to be on the surface Ps(t) = ps(k = (0,0),t). Results in the fast exchange limit (k, kg — o0,
k/kq =6 = O(1)) can be identified by FF.

The short-time MSD is consistent with the expression derived in [3], in the absence of
surface diffusion (Ds = 0).

Three distinct regimes of MSD behavior can be identified. The transition times are
estimated as follows for kg > 622:

e The time t5/5,3/9 is determined by equating (z?)4(t) and (z?)§"(t) at short times,
using k = dkgq.

e The time #3/5_,; is obtained from the condition (x2)FE( — 0) = (2®)FF(t — 00).
The corresponding estimates are:

t — 97‘('62
3/2—1 — 4D

" _ 5D
5/2-+3/2 = 35217

A similar calculation can be done for kg < 522. Finally the following results are

obtained:

8vDrky 5/2 < _D
RV fort < 52k2

D

3/2 2

(%)s(t) = { B=t¥2 for sz StSh forke> o (3.4)

62

2Dt fort 2 %
8V Drkq 45/2 < D3

(@2),(t) = 157 t for t < 521/)35%/3 for ky < 22 (3.5)
2Dt for t 2 52/5K1T8 4]

The t3/2 and t°/2 regimes of the MSD had already been identified in separate papers|3,
4], but this result clarifies the conditions under which they appear. Also, the prefactor for
the ¢3/2 regime was not known.

3.1.2 Numerical Validation

The analytical results are validated in [Figure 3.1, where the inverse Laplace transforms
of Equation and Equation are computed numerically using the Euler inversion
algorithm [1].

As expected, all three regimes are observed for kg > 1, and the predicted transition
times seems to agree with numerical simulations. Furthermore, in the regime kg < 1,
a direct transition from the ¢%/2 regime to the linear regime is observed, as described in

BH).

13
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Figure 3.1: Different regimes of the MSD as a function of ¢ = % for kq = %. The
dotted lines are obtained by numerically computing the inverse Laplace transform as
written in Equation , while the solid lines correspond to the analytical expressions
for the different regimes of the MSD.

3.1.3 Effective diffusion constant

In the experiment presented in a linear behaviour is obtained for the MSD
to which an effective diffusion constant is associated. According to the model, when the
MSD increases linearly with time the slope should be 4D (for < 72 >), which seems to
be problematic as according to the article D > 10 um?/s but the experimental effective
diffusion constant (obtained by fiting the MSD) Deyf exp < 1 um?/s. Additionally, the
surface diffusion should not explain this behaviour, as it is significantly smaller Dy <
0.002 um?/s.

To try to solve this apparent inconsistency, we need to obtain an analytical expression
for an effective diffusion constant that would take into account the fact that flights cannot
be larger then a distance R,,q;- The exact calculation is still an ongoing work. But we
guessed the expression because with the constraint R4, the variance of r = |r| and
the mean waiting time between two adsorptions are finite.

2
mazx

R
(z* + v, Rinaz) _ Jo° dtg(t)[ADt — e~ 7abe (RZ,,, + 4Dt)]

R )
4<t;Rmax> 4(é+f000 dtg(t)t(l—e_%))

Deff(Rmax) = (36)

where (22 4 42, Ryqz) represents the average size of one flight which is smaller then R4z
and (t, Ryqaz) is the average waiting time between two subsequent desorptions when the
flight size is smaller than R4 .

As it can be seen in the expression is in good agreement with the
diffusion coefficients obtained by doing simulations (and fitting the MSD with a linear
curve at long time).

14
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3.2 Non Gaussian distribution of displacement in a simpli-
fied model

In this section the goal is to predict the surface distribution of particles in the fast
exchange limit (defined in [subsection 3.1.1). In this case the Fourier-Laplace transform of
the jump distribution, Equation (1.15)), becomes:

1

s+ 2+ 3

In order to invert the distribution numerically, an analytical expression for pF E(k: t) =
pYE(k = (k,0),t) must first be obtained using the residue theorem [8]. More precisely,
the poles and branch cuts of the integrand are first identified. Then, a suitable contour
is defined, the residues are calculated, and partial fraction decomposition is applied to

evaluate the remaining integral. The detailed calculation is given in The
final result is :

Bk, s) = (3.7)

_w, vDi V14 46%k2 — 1 N e~ Dk?t
VI+40%K2 YDA {4522
— W erfex(W, V1)) (3.8)

with Wi = 2|1 5 V1 + 46242

. FE(k:, p— [W_erfex(W_+/t)

15



In what follows, we will first derive asymptotic analytical expressions for the surface
distribution and then verify them with numerical calculations.

3.2.1 Asymptotic analytical PDF of displacements

We could not perform the inverse Fourier transform of Equation (3.8|) since e~ Dkt

seemed to lead to divergences of the contour integrals. Instead, by computing ps(z,t) =
ffooo dy ps(r,t) numerically, taking the inverse Fourier transform of Equation (3.8]), it is
found that the surface distribution at short time behaves as :

o [L6(2) forz=O(t)
St = {wg) for & = O(V) &
and at long time, for z = O(V/%) :
PPE (1) 2 S H (L), (3.10)

Tt

Vit

where ¢, v, H are scaling functions which need to be identified.
As a consequence the following equation should be respected at short time:
limm:%_,oo %(;S(xl) = 1im$2:%_,0 Y (x2), otherwise the different regimes in Equation ([3.9)
t

do not match for t < z < /t. This leads to :

o(z1) = 4 for z; — 00

7 (3.11)
V() =4 for zg — 0

3

Let us first try to obtain the expression of ¢ and v from Equation (3.8). To do that
we use the following : the t — 0, x ~ ¢ limit for the distribution can be found from the
t — 0,k ~ t~“ limit of it’s Fourier transform. We proceed as follow:

- k > k
PFE( = Z’t) = 2/ dz cos(;m)ps(x,t)
0

)+ /Oo dz cos(ﬁa;)w(—))

= 2(/06 dx cos(%x)%d)(x ;

t
where we split the distribution p,(x,t) between the two regimes (z = O(t) and z = O(V/1))
by introducing e satisfying t/2 >> € >> t.

Assuming the second term in the sum to give a negligible contribution in the ¢ — 0
limit ~

) P e/t -
PFE(k = ?t) =t 2/ dxy cos(kz1)p(x1)
0

The upper bound of the integral in x; can safely be extended to 400 when ¢t — 0 due
to the expected behaviour of ¢(&) as 1 — oo. Thus :

Foso
2.0 = 6(k)

From the expression above ¢ can be obtained by taking the leading order of the left
hand side in the ¢ — 0 limit and then doing the inverse Fourier transform. The final result

P{E(k =

is:
Do

P(x1) = (D% 1 6%2) (3.12)
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Now that the expression for ¢ has been found the expression for ¥ can be obtained, in
a similar manner:

~ FE k € E o1 00 k T
P~ S =] drcn( po)ol) + / drcn( 5o ol )
—2{ [ decos( Zo)o(p) + [ dncos Tolu( ) - 1)

where we used [ dx cos(\%m)%gb )= [y du cos(%x)%b(%) — [ da cos(%:c)%d)(%).
Now by taking z1 = 7, v2 = v we get:

~ FE ];J

o0 ~ o0 _ 1
=L = 2{/ dzy cos(kay VA §(a) +/ AT cos(a) [(x2) — ~o( 220}
Vit 0 e/ Vi TVt
By taking the t — 0 limit qb(%) = % and thus the lower bound of the second integral
2

can be safely set to 0. So the following equation is obtained:

2
P, k=t
( 7

where G(z2) = ¥(x2) — % and ¢(kv/t) = 1 — |k|v/ + O(t) are used. By expanding the
2

equation above in the t — 0 limit we get an equation for G/(k) from wich ¢ can be obtained:

) =1—|k|Vt+ VIG(E),

P(x2) = Dew I0.35) (3.13)

W(Sl’% 47

where T'(0,z) = [° dteT_t.
Now that we obtained ¢ and v, let us obtain H, as follow :

1 o0
pEE(x = zoV/t,t) = 2/ dk cos(k xaV/'t) ps(k, 1) (3.14)
™ —00
I:::k:ch/i 1 /OO 7 T\ ~ ]’%
= dk k) ps(——=,t 3.15
— [ eos(By (3.15)
k

Then, by keeping only the leading order of the long time expansion of ﬁs(m, t) the
integral can be computed. Which allows us to obtain:

56_%
2w D

Note that the constraints of Equation (3.11)) are satisfied and that A = %. Moreover,
the normalised distribution on the surface, in the long time limit, for 2 = O(v/%), can be
deduced from H(z2) and is Gaussian :

H(xz) =

(3.16)

FE
FE,N _ps(4,7) 1500
Py 0 (tx) = O N(0, 2Dt) (3.17)

where Ps(t) is the probability to be on the surface (given for ¢ — oo in [Table 3.1)) and
22

__ e 4Dt
N(0, 2Dt) = £——.
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3.2.2 Numerical Validation

Now that the distribution has been characterised analytically in three different regimes
let’s compare them to numerical calculations. The surface distribution is obtained numer-
ically by using fast Fourier transform on Equation (i3.8)).

m—(0.0001
e ().001 —1le-06
0.01 107 ——0.0001
= Analytical . 0.01
1 = o0 — ]
ey l-t; ! — Analytical
&

= 100000
*
0] = 10000
iy S 10 1000
= Analytical

Figure 3.3: Surface distribution of particles at short time for (a) z = O(t), (b) = = O(\/1)
and (c) at long time with = O(y/t). The analytical curves in (a), (b) and (c) are given
respectively by the adimensionalised Equation (3.12)), (3.13)and (3.16)). The numbers in
the legends are the values of £ = % for which the distribution is evaluated, by numerically
computing the inverse Fourier transform of Equation .

As can be seen in the analytical expressions obtained for the distributions
(%), w(%) and H (%) are in very good agreement with the numerical results. The fact

that the blue points are spread in [Figure 3.3( E[) is due to the numerical errors arising for
large z9 and short t.

So, the behaviour of the surface distribution, in the fast exchange limit has been
characterised at short time for two different regimes and at long time in one regime.
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Chapter 4

Conclusion

In the introduction, we stated that the experimental results showing Bulk mediated
surface displacements were poorly understood by the theory. For this reason, in this work
we tried to provide explanations for the experimental results, using the simplest model for
BMSD.

First, we tried to provide a method for extracting the parameters of the model from
the average and the tail distribution of the apparent waiting times. From numerical
simulations, it appears that the parameters can be estimated when £ < 1, as the analytical
approximation we obtained is valid only in this regime.

Then, the MSD was characterized in different regimes, depending on time and the
desorption rate kg. The results suggest that the different time scalings of the MSD, already
predicted by theoretical arguments at short times, could correspond to different regimes
of k;. Moreover, we presented a first attempt to explain the effective MSD observed in
experiments.

Finally, we characterized the surface distributions in the fast exchange limit, at both
short and long times. At short times, the distribution is non-Gaussian, both in its peak
and its tail. However, at long times, the normalized surface PDF becomes Gaussian.

To conclude this report, our results suggest that the model we used can provide a
qualitative explanation for the experimental observations. However, to achieve a quanti-
tative explanation, further work is needed: first, to derive an analytical expression for the
effective MSD (or diffusion constant), and then to fit the two model parameters (k and kq)
to the apparent waiting time distribution (for example), and finally to check whether the
predicted effective diffusion constant is correct. Lastly, it would be interesting to obtain
the general surface distribution without taking the fast exchange limit.
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Appendix A

Preliminary calculations

In this chapter of the Appendix, preliminary computations, that had been obtained
before the internship, are presented.

A.1 Derivation of the waiting time distribution for bulk dif-
fusion

The distribution of waiting time g¢(t) to readsorb after a desorption is computed, in
the followi. To obtain g, we consider p(z,t) the PDF of z for particles that have not
been absorbed at ¢, which satisfies Equation 7. Taking the Laplace transform of
Equation with respect to the position z, with v the name of the Laplace variable, we
obtain

p(u,t) = D[up(u,t) — 0:p(0,t) — u p(0,1)]. (A1)
Then the boundary condition ([1.5)) is used :
p(u,t) = Dup(u,t) — k po(t) — Du po(t) (A.2)

where we have defined po(t) = p(z = 0,t). Now we take the Laplace transform with
respect to the variable ¢, with s the name of the Laplace variable:

sp(u, s) — 1 = Du*p(u, s) — k po(s) — Dupo(s). (A.3)

Since p(z,t) decays at long z, its Laplace transform must be finite for all u. Therefore,
writing the above equation for s = Du? leads to

1

po(s) = ———. A4
pO( ) K+ \/E ( )
Inserting this value back into Eq. (A.3)) leads to
~ D
Bus) = ” . (A.5)
(vs+ VDu)(k+ VsD)

The probability that the particle is not adsorbed at t is S(t) = fooo dzp(z,t) = p(u = 0,t),
so that with g(t) = —09,.5, we have

G(s)=1—spu=0,s) = ﬁ (A.6)
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Inverting the Laplace transform leads to an analytical expression for the distribution of
adsorption times, right after a desorption event:

g(t) = % [\/7% — erfex ( ﬁ;;)] , (A.7)

A.2 Computation of the Laplace transform of the effective
waiting time distribution

In the following, the Laplace transform of the effective waiting time distribution is
obtained. Consider a scenario where a random walk has a probability P to end at each
flight. Then let us call p,, the probability that the escape occurs at the n'" flight, with
n > 1. In this case

pn=(1-P)"'P (A.8)

Now, let us call p(t) the probability that a jump starting from the origin lasts a time ¢
given that it does not escape out of the disk, hence

g(t) e—fg/(4Dt) g(t) /R e—r2/(4Dt)
= 2\ - 9 c 7
P=1"p ‘£|<Rdf wDl =P, U T
gt 2
:fgﬂprmw) (A.9)

Now, consider p*(t) the probability density that the sum of the detachment time and of
the jump time given that the size of the flight is less than R:

v = [ vt =) (A.10)

with 14(t) = e *4'k,4 the distribution of desorption times. Call F,(T) the distribution of
the time before the last flight, given that the escape occurs at the flight number n. Then

B (T) = ¢a(T), (A.11)
Fn(T) = /dtldtQ....dtnwd(tl)p*(tg)....p*(tn)(s(T - tl - tQ.... - tn) (n Z 2) (A12)
Hence, taking the temporal Laplace transform leads to

Fo(s) = $a(s) [ ()] = [als)]" ()" (n>1) (A.13)
Then the distribution of the time elapsed before the last flight is

Ye(T) = ipnFn(T% (A.14)
so that -
Pe(s) = i(l — P)" ' Pa(s)]" [p(s)]" (A.15)
and thus -
Pe(s) Pia(s) (A.16)




A.3 Analytical calculation of the tail of the effective waiting
time distribution

The waiting time distribution t.(¢) in the limit of ¢ — oo can be obtained from
Equation (1.7). First, p(s) has to be evaluated as s — 0 :

Ble) = /o dte_Stlﬁt)P(1 B 6_4%) =1-7ys+ /0 dt(e™*" — 1+ ts) 1g£t;3(1 — e‘4RT'32t)
(A.17)
= R /°° PN [/ PR coN s,
0o S 1-P
520 1— 7'53 + R—283/2 + 0(82) (Alg)
6(1 — P)kv/D

2
Where 7 = [ dt t%(l — e~ 1Dt) the expression g(t) "= Y2 _ is used. Moreover,

. 2t3/2 /7
we know that 14(s) = 4

kdts '
Thus we can expand ¥.(s) at s — 0 :
- P s 2
Dels) = Vals)  so0y o0 B ap o) (A.20)
1 — (1= P)a(s)p(s) 6kvDP
Combining the following equation
o st st [dt’ . ,
dte(t)(e™* =1+ st) = — Ye(—=)(e7" = 1+1) (A.21)
0 0 S S
with the anzatz ¥.(t) 2% ¢, ¢75/2 and taking the limit s — 0, we obtain :
00 3/2 , R2
At (e 1t = —— A.22
/0 75/5/2 ( ) 6/@\/5}’ ( )

After computing the integral, the coefficient ¢, is found. Finally the tail of the distri-
bution is given by :

We(t) " e, tO/2,
2
where ¢, = s

A.4 Computation of Fourier-Laplace transform of the sur-
face distribution

In the following the Fourier-Laplace transform of the surface distribution is obtained

from Equation (1.10)—(1.14).

We first take the Laplace transform in position z (with u the Laplace variable) we
obtain

Opy(r, u, t|o) = D(u? + Vi)ﬁb(z, u,t|lo) — DO.py(r,0,t|o) — Dupy(r,0,t|o)] (A.23)
which can also be written

atﬁb(£7 u, t’(f) = D(U2 + Vi)ﬁb(£7 u, t’U) -k pO(fa t|0) - DupO(fa t|0) =+ kdps(f: t’J)
(A.24)
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where we have defined po(r,t|o) = pp(r,z = 0,t|c). Now we take the Laplace transform
for the variable ¢t with s the name of the Laplace variable, and the Fourier transform of r
with k the name of the Fourier variable

Sﬁb(ka u, S|U) = D(U2 - 52)5b(ka u, S|J) - R 50(Ea 5|0) - DuﬁO(Ev S|J) + kdﬁs(ka S|U)
(A.25)

3]55(&, slo)—1=k ﬁo(k, slo) — kdﬁs(k, slo) (A.26)

Since py(k, u, s) cannot be infinite for any value of u (because it does not diverge for large

z), applying the above equation for v = y/k* 4+ s/D leads to

—# bo(k, slo) = Dy [k + S po(k, s|o) + kabs (k. sl0) = 0 (A.27)

so that
kq

polk, slo) = ps(k, s|o). (A.28)
K+ DK+ 5
Using Eq. (A.26]) we get :
- kkg -
(s + ka)ps(k,slo) — 1= ps(k, s) (A.29)
K+ DK+ 5
so that
bl 5l0) ! ! (A.30)
s\K, §|0) = - — . .
P s+ kg — rkq s+ kaDr\/E*+ %

H+D\/ E2+% k+D k2+i
= D
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Appendix B

Numerical simulations

During the internship, numerical simulations were done by generating random numbers
from 14(t), g(t) and Gaussian distributions. It can be done using the equality

X = CDF,"(U) (B.1)

where U, X are random variables respectively distributed according to a uniform distribu-
tion between 0 and 1 and ¢(x). Moreover, CDFq_1 is the inverse Cumulative Distribution
Function (CDF) of ¢(x) (distribution from which we want to generate samples).

Using Equation , waiting times ¢ from 1)4(t) are generated as follow : t = _k%z InU.
But for ¢’ ~ g(¢') since the inverse CDF of g(¢) cannot be obtained analytically, samples
are obtained by finding the time ¢’ such that U — CDF4(¢) = 0 numerically.

Finally, random variables can be generated from more complex distribution such as

¥(t) and 1. (t) as described in Algorithm [1] and

Algorithm 1 v (t) Algorithm 2 v (t)
1: function ¢(k, R, D, 74) 1: function ¢.(k, R, D, 74)
2 24 0; y<0 2 Ly, <0
3ty 0 3 while /22 +y2 < R do
4 while /22 + 3?2 < R do 4 tg ~ va(t | 7q)
5: ta ~ Ya(t | 14) 5: ty, < ty, +ta+ 1ty
6: ty <ty +ta+ g 6 ty~g(t| s, D)
7 tg ~ g(t| K, D) 7 z ~ N(0,2Dt,)
8 z + x+N(0,2Dt,) 8 y ~ N(0,2Dty)
9: y <y +N(0,2Dty) 9 end while

10: end while 10: return t,,

11: return ¢, 11: end function

12: end function
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Appendix C

Inverse Laplace transform of the
surface distribution in the FE limit

In this section the inverse Laplace transform of Equation is computed, but first
branch cuts are defined.

To make multi-valued functions single-valued branch cuts, in which a function is not
defined needs, need to be introduced . An example of such a function would be

1 ;0
Vz=Vret =riez

since for z € C there are two possible values of /2 : r3eis and r3eis T,
From now on the adimensional version of Equation (3.7) (equivalent to taking D =
0 =1) is used.

1
Bk, s) = PRy =t (C.1)
The inverse Laplace transform of Equation (C.1)) can be writen as :
. Lico st 1
AN = [ ©2)
where L € R is larger than the real part of all the singularities of f(s) = 2675:1 e \/m We
can notice that f(s) has one branch point in k? + spranch = 0 <= Spranch = —k2, we will

choose the branch cut such that —7 < arg(k? + s) < m. Moreover, the function has one
pole which can be found by solving s? = k? + s which gives s+ = 117@;41@2 but it can be
checked that the only pole is s_ = 1=Y1+4k% 1+4k2

Based on the position of the branch pomt and of the pole, we choose to define the
integration contour as illustrated in

Using the residue theorem [8] we can write :

PEE(k,t) = / ds f(s) = 2miRes(f,s_) — / ds f(s) (C.3)
c1 c2+c3+cqtces5+ce
Let us try to show that the co, cs and cg integrals are equal to O :

i s . (Reig—}-L)t 1
[ ast@1 T [aoro)< [ doimi et —
e e /2 2mi Re + L+ Vk?+ Re' + L
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C
A
() c4 .
W—g = >Re(s)
B
Cl
\4

Figure C.1: Contour integration used to obtain the inverse Laplace transform of Equa-
tion . The contour is divided in different parts called ¢; to cg, it contains the pole
s_ and doesn’t cross the branch cut (located between s = —k? and s = —o00). The circle
arcs ¢o and c¢g are at a distance R from the center located in s = L.

R—:>oo /'TI' nge(RCOS(0)+L)t7 elt deeRCOS(G) 0

2T R 27 /2

for finite ¢, where f'(8) = f(s = Re?® + L) and |Re® + L + V&2 + Re® + L| "=5° R are
used. Similarly | [, dsf(s)| = 0. Now for ¢4 :

| / ds f(s)] *TE / ab'(0)] < / a0 (0))

—m/2 e(re“g k2)t 1
< / do |r i e , , :
/2 2mi reil — k2 4 k2 4 refl —
K2t e
7"20 re k=t / /2 dfe’ cos(0)t _ 0.
- 271-]{;2 71./2

Note that it is also equal to 0 when k£ = 0.

Thus we only have to evaluate the cs3 and cs integrals. Let’s first evaluate the c3
integral :

k2 st
/ F(s)ds = / ds <
o 27ms+\/k2+s 27Tls+w/|k2—|—s
wesii? 1 0 ekateut e 1 /oo esztefvt
= — U = — v .
2mi ) o u— k2 +i|u|t/? 2mi J —v — k2 + ivl/2

Similarly, with the appropriate phase and bounds the c¢5 integral gives :

/- f 9] J e—the—vt
v .
2m 0 —v — k2 —jvl/2
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Thus :

—k%t oo -Vt /\/
/ dsf(s) = —° / dv%.
03+05 T 0 (V + k ) + V

Partial fraction decomposition is used :

1 1 1 1
(V+k2)2+v_m(V—V+_V—V_

where Vi = —(1FVIHAA~ V12+4’“2)2.

This last simplification permits the computation of the integral :

) (C4)

ekt
/CSJFC5 dsf(s) = —\/j(\/ —V_erfex(/—V_t) — /—Vierfex(\/—V4t)) (C.5)

1+ 4k?

Now the residue is evaluated, since the pole is inside the integration contour. To do so

we use the following theorem [8] : given a function f(z) = ig’g, where ¢ and h are both

holomorphic in a neighbourhood of ¢, and where h(c) = 0, h'(¢) # 0. Then

Res(f,c) = }‘(L]/((CC))

A/ 2
We already know h(s_) = s_ + /k?>+s_ = 0. h/(s_) =1+ 2\/];“_ = \/145::5—1 #
Ve

0 Vk € R. Thus we get Res(f,s_) = “— ' V\l/ﬁ‘r’f;gl
Finally, Equation (C.3)) becomes :

A L VIFART -1 e
PrE(t)=e Vi Vg —|—\/H_—4k2(\/—V_erfcx(\/—V_t)—s/—VJrerfCX(\/—V+t)).

Putting dimensions back into the equation and simplifying the notation :

VD V1 + 462k — 1 N e~ DRt
V/ 272 VD
1+ 46°k VD\/1¥ 4522
— Wyerfex(W,Vt))

with Wy = 2|1 + 1+ 462K2|.

PFE(k, t) == W+ (W_erfex(W_+/t)
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